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ABSTRACT

Interpretation of vertical and lateral seismic profiles: some case histories

By: Ronald C. Hinds
Leader: Prof. C. P. Snyman
Co-leaders: Dr. N. L. Anderson

Dr. R. J. Kleywegt

The integrated processing and interpretation of VSP data are developed to work together in
order to enhance the final VSP interpretation. Furthermore, the interpretive processing of
the VSP data within the case histories are reviewed along with the incorporation of the final
VSP results (both near and far offset data) into the integrated geological/geophysical
interpretations presented in the case studies. This thesis has attempted to personify the term

"interpreter/processor” as first highlighted in Hardage (1985).

The case histories pertain to oil and gas exploration in carbonate reef and sandstones in the
Western Canadian Sedimentary Basin (WCSB). The Lanaway case history (Hinds et al.,
1994a) pertains to the exploration of the Lanaway/Garrington oil field located in central
Alberta, Canada. The surface seismic interpretation over the reef crest differed dramatically
from the isopach of the reef-encasing shales derived from the geological logs of a borehole
drilled into the reef crest. To understand the discrepancy, a VSP survey was performed and
the data were interpretatively processed. The results were integrated with the known geology

of the field area to uncover possible reasons for the surface seismic anomaly.

The Ricinus case history (Hinds et al., 1993c) is a study in reef hunting within the Ricinus



field in central Alberta, Canada, using the far offset VSP survey. Existing surface seismic
was used to infer that a well drilled into the interpreted North-east corner of the Ricinus reef
would be successful in penetrating oil bearing carbonate reef. The well was drilled;
however, the well missed the reef and a near and far offset VSP survey was used to

seismically image possible reef buildups in an area around the well.

The Fort St. John Graben case history (Hinds et al., 1991a; Hinds et al., 1993a) highlights
exploration of a gas-filled channel sandstone using near and far offset (lateral) VSP surveys.
An exploration well was drilled within the study area which intersected the target zone
sandstone (the basal Kiskatinaw of the Upper Carboniferous). The target sandstone had a
high shale content and was not reservoir quality. A near offset and two far offset VSP
surveys were run in the exploration well to image out to a distance of 350 m to the North-
west and to the East of the well. The VSP, surface seismic and geolégy results (from the
geological logs of the exploration and surrounding wells) are integrated to infer a clearer
picture of the sand/shale relationships of the basal Kiskatinaw and detailed faulting of the

Carboniferous strata around the well and within the surface seismic line area.

The Simonette field case history (Hinds et al., 1991b; Hinds et al., 1993b) involves using
VSP results to image the slope of a low-relief carbonate reef. The low-relief reef examined
using the VSP data is located at the extreme end of a North-east reef spur of the Simonette
Reef located in North-west Alberta, Canada. An exploration well drilled in the low-relief
reef penetrated the edge of the reef. The VSP surveys were run in order to infer details of
the reef slope. The interpretation of the VSP data was integrated with all other exploration
data to infer the location of the crest of the low-relief reef and to assist in determining

whether to whipstock the exploration well bor not.



Samevatting

Interpretasie van vertikale en laterale seismiese profiele: enkele gevallestudies

Deur: Ronald C. Hinds
Leier: Prof. C. P. Snyman
Mede-leiers: Dr. N. L. Anderson

Dr. R. J. Kleywegt

Die geintegreerde verwerking en interpretasie van vertikale seismiese profileringsdata (VSP)
word ontwikkel om saam te werk ten einde die finale VSP - interpretasie te verbeter. Verder
word ’n oorsig gegee van die interpretatiewe prosessering van VSP - gegewens aan die hand
van gevalle - studies waarin die finale VSP - resultate ( naby - en verafstande )

as 'n geintegreerde geologiese\ geofisiese interpretasie gegee word. Die proefskrif poog ook
om die term "interpreteerder\ prosesseerder” soos deur Hardage (1985) uitgelig, te

verpersoonlik.

Die gevallestudies het betrekking op olie- en gaseksplorasie in karbonaatrif en sandsteen in
die Wes - Kanadese Sedimentere Kom (WCSB). Die Lanaway - geval (Hinds et al.,1994a)
verwys na die eksplorasie van die Lanaway\Garrington olieveld in Sentraal - Alberta ,
Kanada. Die oppervlak - seismiese interpretasie oor die rifkruin het dramaties verskil van die
isopag van die skalies wat die rif omsluit, soos verkry van die geologiese staat van 'n boorgat
in die rifkruin. Om die verskil te verstaan is 'n ' VSP - opname gemaak en die gegewens is

interpretatief verwerk. Die resultate is geintegreer met die bekende geologie van die gebied



om moontlike verklarings te vind vir die oppervlak - seismiese anomalie.

Die Ricinus - geval (Hinds et al.,1993c) is ’n studie in rifopsporing in die Ricinus - veld in
Sentraal - Alberta, Kanada, waarin 'n verafstand VSP - opname gebruik is. Bestaande
oppervlak - seismiese gegewens is gebruik om af te lei dat 'n boorgat in die noordoostelike
hoek van die Ricinus - rif oliedraende karbonaatrif sou tref. Die boorgat het egter die rif
gemis en naby - en verafstand VSP - opnames is gebruik om moontlike rif - opbou naby die

boorgat seismies af te beeld.

Die Fort St. John Graben - gevallestudie (Hinds et al.,1991a; Hinds et al.,1993a) belig die
eksplorasie van 'n gasgevulde kanaalsandsteen deur middel van naby - en verafstand VSP
opnames. 'n Eksplorasieboorgat in die studiegebied het die teiken sandsteensone ( die
onderste Kiskatinaw van die Bo - Karboon) getref, maar die sandsteensone het ’n hoé skalie -
inhoud en was nie van reservoir gehalte nie. ’n Naby - en twee verafstand VSP - opnames
is in die eksplorasie - boorgat gemaak om die geologie tot op 'n afstand van 350m noordwes
en oos van die boorgat vas te stel. Die resultate van VSP -, oppervlak - seismiese en
geologiese gegewens (van geologiese state van die eksplorasie - en omliggende boorgate) is
geintegreer om ’n duidelike beeld af te lei van die sandsteen\skalie - verhouding van die
onderste Kiskatinaw en van detail verskuiwings van die Karboon - strata rondom die boorgat

en naby die oppervlak - seismiese lyn.

Die Simonetteveld - gevallestudie (Hinds et al., 1991b; Hinds et al., 1993b) behels die
gebruik van VSP - resultate om die helling van ’n lae - reliéf karbonaat vas te stel. Die lae -
reliéf rif wat deur middel van VSP - opnames ondersoek is, is gele€ aan die einde van 'n

noordoostelike rif - uitloper van die Simonette - rif in Noorwes -Alberta, Kanada ’n



Eksplorasieboorgat in die lae - reliéf rif het die rand van die rif getref. Die VSP - opname
is gedoen om die besonderhede van die rifhelling af te lei. Die interpretasie van die VSP -
data is geintegreer met al die ander eksplorasiegegewens om die kruin van die lae - reliéf rif
vas te stel en om te help in die besluit of die eksplorasieboorgat gedeflekteer moet word of

nie.
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CHAPTER 1

INTRODUCTION

1.1 Vertical seismic profiling (VSP)

The geometry of the VSP survey separates the method from other types of borehole and
surface related surveys. The surface seismic survey is conducted with the geophones (or
hydrophones in the case of marine seismics) and the sources being on or near the surface.
In crosswell seismology or CWS (Hardage, 1992), both the sources and receivers are in
boreholes. For the reverse VSP (RVSP; Hardage, 1992), the source is in the borehole and
the receivers are on the surface. The VSP technology, data and interpretation presented in

this thesis relate to a survey with sources on the surface and receivers in the borehole.

How has the VSP survey been doing in comparison to the other seismic surveys? Recently,
Zimmerman and Chen (1993) ranked the VSP to yield superior interpretable data from
deeper depths in comparison to the RVSP results. The viability of RVSP and CWS data will
closely follow the development of the downhole seismic sources (Hardage, 1992). The
downhole geophone tool (sonde) used in the VSP survey is operated in a seismic environment
which involves less background noise in comparison to the surface geophone (RVSP and
surface seismics). The locking arm on the sonde has changed from spring loaded (a
derivative of the caliper tool) to being hydraulically operated (enough force to almost bend

steel borehole casing). The increased level of geophone coupling to the formations



surrounding the borehole increases the seismic signal reception (Hardage, 1985). Multi-level
geophone sondes with independent locking arm units have resulted in a reduction of VSP

survey cost and less coupling resonances.

What has happened in the past with respect to interpretation? In theory, as explorationists,
we would like to integrate the interpretation of the VSP data with the processing of the same
data. In this way, both activities would complement and guide each other. In practice,
- however, they seem to be done separately. This may be due to time constraints placed on
the seismic interpreter as a result of heavy work load or to the specialization of the
interpreter and the processor to one or the other task. First, the VSP data are usually
processed using whatever methods are available to the processor. The processing typically
proceeds to output a product which is the separated upgoing wavefield events in pseudo-two-
way traveltime. Thereafter, the interpreter takes the final result data panel and, in
conjunction with available geological data, interprets the different VSP events.
Unfortunately, the interpretation is usually done in the absence of input from the processor.

The insight of at least the first pass of the processing has been lost to the interpreter.



1.2 Aims and objectives of this study

The aim of this thesis will be to:

(1) develop the methodology of Interpretive Processing (Hinds et al., 1989a) for VSP data
using the interpretive processing panels (IPP), interactive data processing, integrated
log display (ILD), integrated seismic display (ISD) and the integrated interpretation

display (IID);

(2) review the usage of the processing steps in the individual IPP to illustrate the
incorporation of VSP interpretation to minimize processing artifacts (Hinds et al.,

1994c);

(3) present the usage of VSP interpretive processing in four case studies (Hinds et al., 1989a;
Hinds et al., 1993b, 1994a and 1994c; Hinds at al., 1993a and 1994b; Hinds et al,

1993c); and

(4) further the method of integrated geophysical/geological interpretation (Anderson, 1986)
using the case studies (Hinds et al., 1989a; Hinds et al., 1991a, 1991b and 1993c;

Hinds et al., 1993a and 1994b; Hinds et al., 1993b, 1994a and 1994c).

The integrated processing and interpretation of VSP data will be developed to work together
in order to enhance the final VSP interpretation. Furthermore, the interpretive processing

of the VSP data within the case histories will be reviewed along with the usage of the final



VSP results (both near and far offset data) into the integrated geological/geophysical
interpretations presented in the case studies. This thesis will attempt to personify the term

"interpreter/processor” as first highlighted in Hardage (1985).

The case histories pertain to oil and gas exploration in carbonate reef and sandstones in the
Western Canadian Sedimentary Basin (WCSB). The Lanaway case history (Hinds et al.,
1994a) described in chapter 3 pertains to the exploration of the Lanaway/Garrington oil field
located in central Alberta, Canada. The surface seismic interpretation over the reef crest
differed dramatically from the isopach of the reef-encasing shales derived from the geological
logs of a borehole drilled into the reef crest. To understand the discrepancy, a VSP survey
was performed and the data were interpretatively processed. The results were integrated with
the known geology of the field area to uncover possible reasons for the surface seismic

anomaly.

The Ricinus case history (Hinds et al., 1993c) described in chapter 4 is a study in reef
hunting within the Ricinus field in central Alberta, Canada, using the far offset VSP survey.
Existing surface seismic was used to infer that a well drilled into the interpreted North-east
corner of the Ricinus reef would be successful in penetrating oil bearing carbonate reef. The
well was drilled; however, the well missed the reef and a near and far offset VSP survey was

used to seismically image possible reef buildups in an area around the well.

The Fort St. John Graben case history (Hinds et al., 1991a; Hinds et al., 1993a) described
in chapter 5 highlights exploration of a gas-filled channel sandstone using near and far offset

(lateral) VSP surveys. An exploration well was drilled within the study area which



intersected the target zone sandstone (the basal Kiskatinaw of the Upper Carboniferous). The
target sandstone had a high shale content and was not reservoir quality. A near offset and
two far offset VSP surveys were run in the exploration well to image out to a distance of 350
m to the North-west and to the East of the well. The VSP, surface seismic and geology
results (from the geological logs of the exploration and surrounding wells) are integrated to
infer a clearer picture of the sand/shale relationships of the basal Kiskatinaw and detailed

faulting of the Carboniferous strata around the well and within the surface seismic line area.

The Simonette field case history (Hinds et al., 1991b; Hinds et al., 1993b) described in
chapter 6 involves using VSP results to image the slope of a low-relief carbonate reef. The
low-relief reef examined using the VSP data is located at the extreme end of a North-east
reef spur of the Simonette Reef located in North-west Alberta, Canada. An exploration well
drilled in the low-relief reef penetrated the edge of the reef. The VSP surveys were run in
order to infer details of the reef slope. The interpretation of the VSP data was integrated
with all other exploration data to infer the location of the crest of the low-relief reef and to

assist in determining whether to whipstock the exploration well or not.

1.3 Acknowledgements
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seismic and VSP data for chapters 5 and 6 were donated by Talisman Resources Inc.



The surface seismic data used in the thesis case histories consisted of post-stack seismic time
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1.4 VSP fundamentals

1.4.1 Near and far offset (lateral) VSP surveys

The components of the interpretive processing panels are different for the near and the far
offset VSP surveys. The near offset VSP survey usually involves the processing the vertical
(Z) axis geophone data; whereas the two horizontal (X and Y) and vertical (Z) geophone data

are processed for the far offset VSP survey.

A review of the geometries involved in the VSP survey which necessitate the different panel
components will be discussed below. A few of the numerous configurations of the VSP
survey are shown in Figure 1.1 (Hinds et al., 1989a). A near offset VSP geometry can be
described as the source being vertically or near-vertically above the sonde. The near offset
VSP has also been termed a "zero offset” VSP survey (Cassell, 1984). In Figure 1.1, the
configurations in part (A) using the source S, and in (B) using the source S, and sonde at
location C plus the source S, and receiver at location A would be termed near offset VSP
source-receiver geometries. The configurations in (A) using the source S, and in (B) using
the source S; and receiver at B or C would be termed far offset VSP (or simply "offset"

VSP; Cassell, 1984) geometries.

The far offset VSP geometry for a deviated hole could arise in an offshore well where the
airgun is placed near to the drilling platform but the wellbore is deviated to intersect

reservoirs quite a distance away from the subsurface location directly below the well.
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Figure 1.1 The field layout of the (zero) near and far offset VSP surveys.

In part (A), the surface source at S, is at a zero-incidence location
with respect to the geophone borehole sonde in the vertical non-
deviated borehole. The up- and downgoing waves travel vertically
down to the reflector and back to the receiver geophone sonde in the
borehole. The source at S, is a non-zero offset location as the
source does not lie directly over the borehole geophone. In part (B)
for the deviated borehole, source S, is in a zero-offset configuration
for the upper vertical (shallow depths) part of the borehole and (non-
zero) far offset for the deviated remainder of the borehole. Part (B)
is usually represented in the literature as a deviated borehole
intersecting horizontal layers which would result in incorrect
reflection angles for the migration algorithms (from Hinds et al.,
1989a).



In the case where the borehole is deviated but a near offset geometry is desired, the source
is moved along the surface and is directly overhead of the sonde within the borehole. This
is obviously an expensive procedure as the three-dimensional picture of the location of the
sonde must be monitored. The source would move once the "verticality” of the source-
receiver geometry needed to be corrected (remember that the Fresnel zone concept relates
both to the receiver and source; Hardage, 1985). In land-based VSP surveys, retaining the
zero offset geometry can be difficult because bush corridors must be cut and large Vibroseis

vehicles may need to be "sledded" over to source locations.

The interpretational definition that I like to use is that a far offset geometry exists whenever
partitioning a wavefield (downgoing or upgoing P- or SV-waves) necessitates the polarization
of the VSP data in order to isolate that wavefield component onto a single data channel
(following an angle-based rotation). In a far offset VSP, reflected and transmitted P, SH,
and SV-waves (Fig. 1.2) will be recorded by the sonde with the amplitudes of the various

waves being related to the incidence angle onto the geophones.

1.4.2 Primary and multiple up- and downgoing waves

The VSP data contains upgoing and downgoing waves (Fig. 1.3) which can have a variety
of origins. Figure 1.3A shows example raypaths of the primary and multiple up- and
downgoing waves. Using two interfaces (A and B), Figure 1.3B depicts the location of the

VSP events on a depth versus traveltime diagram.
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Figure 1.2 The up- and downgoing waves propagating to the wellbore
geophone sonde can be compressional P-waves that vibrate in the
direction of travel or Shear SV- or SH-waves that vibrate normal to
the direction of travel, either in the plane of the source and receiver
or out of the plane. Reflections from dipping and contorted
geological strata can enable all three of these type wavefields to be
recorded on the X, Y, and Z geophones. As shown in part (B), the
P- and SV-waves can reflect and transmit as P- or SV-waves at
impedance interfaces. The SH incident wave reflects and transmits
as an SH wave (C). (from Hinds et al., 1989a).
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Figure 1.3 Examples of the up- and downgoing raypaths (A) and depth-traveltime diagrams
(B) for both primary and multiple reflections. The upgoing rays are illustrated on the
left side of (A) whereas the downgoing rays are illustrated on the right side. The
geometry for the near offset sources are displayed with exaggerated source offset for
clarity. The surface-generated downgoing multiples will be recorded at all subsurface
geophone locations whereas the interbed downgoing multiple generated between layers
A and B will only be recorded when the geophone is below layer A. Upgoing
reflections from layer A will be recorded only at geophone locations above layer A.
The up- and downgoing primaries will merge when the geophones are located at the
generating interface. A traveltime curve plot for the up- and downgoing rays is
shown in part B. The downgoing primary is the first break curve increasing in
traveltime from left to right in the diagram and with the exception of head waves is
the first recorded signal on each VSP trace. The downgoing wave multiple for the
near-offset case parallel the downgoing primary. An upgoing primary (B1) generates
a reflected downgoing multiple at interface A, which in turn can generate an interbed
upgoing multiple at reflector B (from Hinds et al., 1989a).
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Throughout the thesis, the abbreviations FRT, -TT, and +TT (Hinds et al., 1989a) are used
repeatedly. FRT is the abbreviation for field recorded time, the term used to describe the
time-depth display of the raw field records. FRT include time recording shifts input by
airgun delays or Vibroseis recordings. The terms -TT and +TT refer to specific data
configurations following trace time shifts. -TT is used in reference to the display on which
the first breaks and downgoing P-waves are horizontally aligned and bulk shifted. On these
displays, the first break times have been subtracted from each trace, and the modified traces
have been bulk-shifted to an arbitrary time-datum (usually to 100 to 200 ms) so that the onset
of the first break wavelet is retained. +TT is used in reference to the display on which the
first break time of each trace has been added to that trace (plus possible normal moveout or
"NMO" corrections), as depicted in Figure 1.4. On the +TT displays, the upgoing events

on near offset VSP data are horizontally aligned and should be in pseudo-two-way traveltime.

For the near offset VSP data, one of the important types of events to interpret are the
surface-generated and interbed multiples. The ease with which primaries and multiples can
be identified was reviewed in early papers by Wuenschel (1976) and Kennett et al. (1980).
Some fundamental guidelines for VSP interpretation were set down in the literature in
Hardage (1985). The significance of multiples for Western Canadian Sedimentary Basin

(WCSB) VSP data was shown in Hampson and Mewhort (1983) and Hinds et al. (1989a).

For the surface-generated multiple, the downgoing wave reflects at an interface and then
reflects from the surface back down towards the borehole geophone. The key to the
interpretation of the surface-generated multiple is that it must reside on all the VSP traces.

Later, in Chapter 2, when the VSP data are placed in the -TT configuration the surface-
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Figure 1.4 The near offset data correction used to place the data into
pseudo-two-way traveltime (+TT). Part (A) shows the geometry of
the surface seismic with the well superimposed on the raypaths. To
the right, the rays that are terminated at the well are different from
the surface seismic rays by a traveltime equivalent to the zero-offset
first break times of the downgoing rays. In part (B), when the first
break traveltimes are added back onto the traces, the time axis
changes from field recorded time (FRT) to pseudo-two-way
traveltime (+TT) that should be equivalent to the surface seismic
two-way traveltime (from Hinds et al., 1989a).
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generated multiple will become easily interpretable. The simple corollary to this is that the
first break curve shown in Figure 1.3 is the only primary downgoing P-wave on the VSP.
It should be noted that if the mode converted P-SV downgoing wave is created at interface
A in Figure 1.3, then that mode-converted downgoing wave will also be a primary
downgoing wave. Since the only primary downgoing P event is the P-wave event associated
with the first break, then later arriving downgoing P events recorded at the sonde are

multiples.

Why is this simple information not seen on surface seismics? The answer is that no
downgoing waves are recorded by the surface seismic geophones. By placing the VSP data
into the +TT data configuration, however, the interpretation of multiples on surface seismics
can be facilitated. Figure 1.5 depicts the VSP interbed multiple. As seen in Figure 1.3, the
interbed multiple exists as a downgoing wave only below the top generating interface that is
responsible for the multiple’s existence. The upgoing interbed multiple exists only on the
shallowest VSP trace down to the trace recorded at the bottom generating interface. Can
these two observations be combined to find a simple way to interpret the interbed multiple?
In Figure 1.5, the upgoing wave (+TT) VSP data show that the upgoing interbed multiple
mimics the upgoing primary (U-P) from the interface from Z, but is delayed by the two-way
traveltime between the interface at Z, and Z,. The other observation which is also used in
designing corridor stacks in chapter 2 is that the interbed (or any other) multiple does not
intersect the first break curve. Figure 1.3 shows that the upgoing interbed multiple can be
mistaken as a surface-generated multiple if a downgoing surface-generated multiple was
created with the same time delay as the time difference between the upgoing primary

associated with Z, and the multiple seen below the Z, primary (U-M in Fig. 1.5A). The
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Figure 1.5 Upgoing wave events in (+TT) time (left) and downgoing
waves in (-TT) time (right) are displaced to align the upgoing
primary event generated at the depth Z, (labelled U-P on the left)
with the horizontally aligned event first break curve (labelled D-P on
the right). This illustrates the equal time separation (T,) between the
U-P and U-M events from interface Z, and the D-P and D-M
downgoing events.



interpretation is clarified by viewing the (-TT) downgoing events as shown in Figure 1.5B.
A downgoing multiple (D-M) is recorded after the primary downgoing wave (D-P) and exists

only below the Z, interface.

Can the downgoing waves be used to attenuate the upgoing wave multiples? Hubbard (1979)
and Gaiser et al. (1984) showed that a deconvolution operator which could collapse the
downgoing event wavetrain into a single pulse could be used to attenuate the upgoing
multiples. In Figure 1.6 (Hardage, 1985), there is a constant time shift, T,, between the
upgoing primary and multiple and downgoing primary and multiple. The up- and downgoing
multiples are linked to their respective primary events by this constant time shift. Since the
upgoing wave is the same as the downgoing wave at an interface, an operator designed from
the downgoing waves will be able to attenuate the corresponding upgoing wave multiples.
In practice, this procedure of using a single deconvolution operator works well with surface-

generated multiples.

In Figure 1.5, it can be seen the interbed multiples do not appear on all VSP traces. This
implies that independent deconvolution operators would have to be calculated for each VSP
trace in order to attempt to combat the interbed upgoing multiple. The multiples that occur
after the first break time of the deepest geophone are also difficult to attenuate (one reason

being that these events cannot even be confirmed to be multiple or primary events).

For the interpretive processing of near offset VSP data, such an importance is placed on
identifying multiples that 75% of the interpretive processing panels have been designed to

evaluate the performance of the "up over down" VSP deconvolution procedure. As will be
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Figure 1.6 The constant time shift between the up- and downgoing
primaries and multiples for the surface-generated (A) and interbed
multiples (Hardage, 1985). Part (A) is the depth versus FRT
configuration for the surface generated multiple. The numerical
operator (inverse filter) that attenuates the downgoing multiple (the
downgoing event that is time shifted from the primary downgoing
event by time Tm) will attenuate the upgoing surface generated
multiple. In part (B), the operator that will attenuate the upgoing
interbed multiple can be designed from any trace beneath depth
location Z; (from Hinds et al., 1989a).



seen on the modelled VSP data later in this chapter, the crucial key to multiple attenuation
is that the constant time delay between the up- and downgoing multiple events and their
associated primary events is preserved on the entire VSP dataset. When the offset of the
source begins to approach far offset, the key time lag assumption becomes violated and

deconvolution of far offset VSP data may not always work.

Figure 1.7 depicts near offset VSP results of a four layer model illustrating surface-generated
multiple contaminated data (panel 1) and interbed multiple contaminated data (panel 2).
Compare the modelled results to the schematic VSP events shown in Figure 1.3B. Here a
short review is included to show how an interpreter/processor pulls apart the different events

that one would see on the modelled (simulating a real) VSP data.

Consider panel 1 of Figure 1.7. The horizontal axis reflects the depth of the recording sonde
(in m) and the vertical axis is in the FRT time configuration (in s). The first downgoing
wave is recognized as the first break on every trace and as the depth increases, the
traveltime of the downgoing event also increases (the basic rule for a downgoing VSP event).
The downgoing primary wave encounters an acoustic impedance interface at 120 m depth and
an upgoing primary event is generated due to the reflection. The upgoing primary intersects
the primary downgoing event on the 120 m trace at approximately 0.5 s. The upgoing wave
traveltime increases with decreasing depth. This shows the familiar relationship that for the
near offset VSP the up- and downgoing events have equal but opposite apparent velocities
(Hardage, 1985). At 0.9 s on the surface trace, the upgoing event is turned into a

downgoing surface-generated multiple due to the reflection of the upgoing wave at the

18






surface. The downgoing multiple travels back down to the interface at 120 m, transmits
downwards as a downgoing multiple and reflects back up to the surface as the first upgoing

surface-generated multiple. The other upgoing multiples can thereafter be similarly traced.

The interpreter/processor must get a good understanding of the events on the raw VSP
(possibly by gaining the VSP or by separating the up- and downgoing events, amplitude
gaining the events independently, and thereafter recombining the two datasets for
interpretational reference - REMIX display; Hinds et al., 1989a) as this will lead his

interpretive processing right through to the final displays.

The surface-generated downgoing multiple in Figure 1.7 (panel 1) is time delayed from the
primary (first break) downgoing event by the time that the downgoing wave took to reach
the first interface at 120 m depth and travel back (as an upgoing wave) to the surface. As
noted above, the multiple exists on all of the VSP traces. It is clear, visually, that the
constant time shift between the downgoing primary and multiple corresponds to the same

time delay between all of the upgoing multiples and their respective upgoing primaries.

In panel 2, the interbed up- and downgoing multiples are generated at interfaces 2 and 3 (320
and 480 m depth, respectively). As noted above, the downgoing interbed multiple exists on
traces recorded deeper than the top generating interface (at 320 m depth) and the upgoing
interbed multiple exists on traces above the 480 m interface (the bottom generating interface).
This key to interpretation may be difficult to recognize when using downgoing wavefield

separation techniques that smear the downgoing multiple events across adjacent traces.
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For interpretative processing, the objective is to first identify the multiples and then to
attenuate them the best possible. If attenuation is not completely possible then the knowledge

of the multiple contamination must be included in the evaluation of the data.

1.4.3 Far offset geometries

The triaxial geophone sonde is usually employed in a far offset survey; however, there are
cases where the near offset VSP survey requires the recording of the X, Y and Z channel
data. Shear waves can be generated using shear wave Vibroseis units or through mode
conversion at near surface interfaces. When the shear wave passes through vertical fractures
(Fig. 1.8; Ahmed, 1989 and 1990), the shear wave can be polarized and split into two
resultant shear waves; one which is oriented normal to the fractures and the other parallel.
These fast and slow shear waves that exist below the fracture zone would be recorded using
a triaxial geophone sonde even though the source could have been located at the well (a near
offset source). Another example of a case where a triaxial sonde is required is within the
near offset VSP geometry shown in Figure 1.9. The object in this survey is to image the
steeply dipping target horizon and to locate the fault. The reflected waves from the target
horizon would require a triaxial recording to properly image the horizon. In these cases, the
geometry of the target or rock properties themselves are causing orientation changes within
the transmitted or reflected wavefields. At any given sonde location, three channels of data

are recorded; namely the Z, X, and Y axis data. The X and Y channels are from the two
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Figure 1.8 Schematic diagram of shear wave splitting caused by
the propagation of a SV wave through fractured rock. This
type of wave propagation would complicate the waveforms
recorded at the triaxial geophone sonde (from Ahmed, 1990).
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raypaths

borehole

Figure 1.9 From a near offset source, reflected rays propagate to
the borehole along complicated paths due to the steeply dipping
geology. This would result in the triaxial data requiring special
polarization analysis in order to interpret the VSP reflections.
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orthogonal horizontal geophones.

As the sonde is raised up the borehole, the horizontal geophones rotate in the borehole. The
vertically and horizontally polarized shear wavefields, SV and SH (Bullen and Bolt, 1985),
and the compressional P-wavefield energy are contained in varying amounts on the X and

Y data channels.

The first objective when processing triaxial data is to isolate the downgoing P-wave events
from the X and Y channels onto a single data panel. The procedure to do this involves data

polarizations which are explained below.

For the far offset VSP surveys, the hodogram analysis (Hardage, 1985; DiSiena et al., 1984)
performed on the first break wavelets of the two horizontal datasets (from the same sonde
location) can be used to polarize the X and Y data onto two principal axes normal, HMIN,
and tangential, HMAX, to the plane defined by the source and the well (Fig. 1.10). The
resultant HMIN and HMAX data should contain polarized SH and combined P and SV
energy, respectively. The assumption for SH- and SV-wavefield separation is that the two

waves are propagated along a similar raypath to the downgoing P-wave (Hardage, 1985).

The hodogram method polarizes the horizontal axis data using the downgoing P-wave energy
in the first break wavelet. A time window around the first break is chosen and the data from
the two horizontal channels are plotted on an orthogonal axis. For any given time sample
in the window, the corresponding X and Y values are plotted on the graph called a hodogram

(Hardage, 1985; Fig. 12.24 of Hinds et al., 1989a). The hodogram usually resembles an
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Figure 1.10 The orthogonal coordinate system of the local X, Y, and Z
geophones along with the coordinate axis (HMIN, HMAX, Z’ and
HMAX") that will be used as the principal axis in the hodogram
(non-time variant) analysis (from Hinds et al., 1989a)



ellipse pointing in the direction of the azimuth of the incoming downgoing wave. The angle
found in the hodogram analysis is used in a non-time variant rotation matrix equation where
the input traces plus the rotation matrix are used to calculate the HMIN and HMAX traces
(see Appendix). The output data will be the HMAX panel which contains SV and P-wave

energy. For normal purposes, the HMIN data are discarded.

The HMAX and Z data are assumed to be orientated in the plane defined by the well and the
source. The second objective is to use hodogram based polarization on the Z and the
HMAX data. The Z and HMAX data are processed to output the Z° and HMAX? data using
the rotation angle found during a hodogram analysis of the input data. The HMAX?’ data are
assumed to predominately contain downgoing P-wave events and upgoing SV-wave events.
In chapter 2, the inputs and outputs of the various polarizations are shown and an IPP is

developed to ensure data processing quality for the procedures.

Does the geometry play a role in the polarizations? In Figure 1.11, the sonde axes in a
deviated borehole and three different source locations are shown. The amount of partitioning
onto the various axes can vary significantly depending on the source-receiver geometry within
the deviated borehole. The objective with the two rotations, however, is achieved using
normal hodogram analysis. The HMAX’ data panel contains predominately downgoing P
and upgoing SV-wave energy and the Z’ axis data contains downgoing SV and upgoing P

energy (Fig. 1.12).

If the up- and downgoing wave particle motion were exactly orthogonal then no further event

partitioning processing is necessary. The Z’ axis data panel would be interpreted following

26



Sz

XY, 2 geophone tool
reterence frame WAVEMODE CONTRIBUTIONS:
SOURCE S,

DOWNGOING P{ z
UPGOING SV

DOWNGOING 8§V ~X
UPGOING P

SOURCE 4
DOWNGOING P ] ~ X
UPGOING SV
DOWNGOING sv}
UPGOING P -2

Figure 1.11 For the case of a deviated borehole, the triaxial geophone
package receives contributions of P-, SV-, and SH- waves on all
geophones. Even for the "near-offset" source location at S,, the Z
channel data will not contain P waves only. To separate the various
wavefield contributions, the data on the three geophones are
numerically rotated using hodogram polarization analysis. This is
the "theoretical” geometry used in the analysis of the upgoing rays
for the deviated borehole. Note that the upgoing rays travel very
different directions when the subsurface layers are not horizontal as
in Figure 1.1 (from Hinds et al. 1989a).
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Figure 1.12 The geometry for time-variant rotations. To use the
"classical" non-time variant rotations, it is assumed that the HMAX’
data contain downgoing P- and upgoing SV-wave events only and
that the Z’ data contain upgoing P- and downgoing SV-wave events
only. For the Z’, HMAX’ rotation, the polarization analysis is
performed on the downgoing primary wavelet (a single angle is
chosen per VSP depth trace). The time-variant analysis consists of
calculating the changing incidence angles of the upcoming P-wave
(or SV) with increasing traveltimes at a single geophone location.
The angle for a singie layer is shown in the diagram whereas an
entire model is input into the calculations which necessitates the
time-variant calculation as the upgoing reflection angles change with
each new layer used. For a single VSP trace, the angles are
interpolated between the calculated model-based (time, angle) pairs
to give a (time, angle) pair for each time sample following the first
break for that trace (from Hinds et al., 1989a).
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the application of normal move-out (NMO) corrections, VSP-CDP (Dillon and Thomson,
1984) mapping and migration techniques. However, as is shown in chapter 2, the HMAX’
data contain residual upgoing P-wave energy. The angle of the upcoming P-wave recorded
on a far offset VSP from the reflection off an interface just below the sonde will be different
to the angle from an upgoing P-wave that resulted from a reflection from a much deeper
interface. The angle of reflection from the deeper reflector (the angle between the vertical
and the downgoing P-wave) will be smaller than the reflection from the shallower interface

(both interfaces being below the sonde location).

A time-variant polarization of the upgoing events on given set of Z and HMAX traces can
be performed by windowing the upgoing events and performing hodogram analysis of each
event. However, due to the low amplitudes involved in the upgoing events, a model-based

system is used to evaluate the time-variant polarization angles (time and angle pairs).

A model of the interfaces is constructed using the near offset first break times and ray-tracing
is performed to given sonde model locations. The reflections from the various interfaces
recorded at a given geophone location will result in (time, incidence angle) pairs from the
modelled upgoing raypaths. These pairs are interpolated to provide a time-variant rotation
angle for every time sample for the recorded trace at the same depth as the modelled
geophone location. A time-variant polarization of the upgoing wave data from the Z and
HMAX panels yields the Z" and HMAX" data panels as shown in chapter 2. The Z" data

are then interpreted and correlated with the surface seismic.

The interpretive processing described in the next chapter drives the quality control decisions
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that will allow interpretation to evaluate every step of the processing.

For far offset data, the downgoing waves separated from the HMAX’ panel are used to
deconvolve the final Z" data. The constant time delay between the up- and downgoing
multiples are assumed to exist; however, are these important time delay relationships valid
for far offset data ? Figures 1.13 and 1.14 show the VSP modelled results (Z data) from a
980 m deep modelled borehole for the source offsets of 0, 200 400, 800, and 1000 m for
surface-generated and interbed multiples, respectively. At far offsets, both the surface-
generated and interbed multiple and primary up- and downgoing waves begin losing the
simple time delay relationships found between the primaries and multiples found in the near
offset VSP data. In chapter 2 and 6, a data example is given where a 524 m offset VSP was

deconvolved with satisfactory results.
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CHAPTER 2
INTERPRETIVE PROCESSING

The term interpretive processing has been used to describe the use of VSP results in guiding
surface seismic processing (Hardage, 1985; Stone, 1981) and for VSP data processed
repeatedly whilst modifying a single parameter to estimate reflector dip (Noponen, 1988).
Merging of the VSP and intermediate seismic outputs are now emerging that enables the
interpreter to continuously gauge the success of multiple attenuation. One such case occurs
during model-based transform (MBT) processing (Ness, 1989). Hinds and Durrheim (1993,
1994) used a Karhunen-Loeve (K-L) based multiple attenuation scheme (Jones, 1985; Jones
and Levy, 1987) to create an output seismic section that was used as input to MBT
processing. Around the well on the seismic line used in that study, the VSP results from the
well could be used to further constrain the MBT processing by supplying a model of the

primary events in the immediate vicinity of the well.

Interpretive processing of VSP data involves the use of the interpretation of the VSP data
to constrain the various processing stages of the VSP data. Flowchart 1 illustrates the
procedures of interpretive processing for median filter based wavefield separation. The
median filter wavefield separation processing involves amplitude balancing of raw data, static
shifting, median filtering to isolate the downgoing events, amplitude balancing of the
separated downgoing event data, the subtraction of the data containing up- and downgoing
events from the panel containing only downgoing events, static shifting into pseudo-two-way

traveltime and upgoing event enhancement.

33



a

b
E‘ UNIVERSITEIT VAN PRETORIA
0 UNIVERSITY OF PRETORIA
\ 4

YUNIBESITHI YA PRETORIA

- Process data: Z(FRT), Z,,in(FRT), Z(-TT),
Zdown('TT)s Zup('TT)’ Zup(+TT) ’ Zup(med)(+TT)

- incorporate results into wavefield separation IPP

l

- Interpret upgoing events on on all panels
- Interpret downgoing multiples
- Identify noise or undesired VSP events

DESIGN PROCESSING PARAMETERS TO
CORRECT FOR INTERPRETATION
PROBLEMS

v

- are upgoing events unaffected by processing artifacts ? NO

- are downgoing events interpretable ?

- have noise and undesired events been satisfactorily
attenuated ?

- have downgoing events been isolated without retaining
unnaceptable amounts of residual upgoing events ?

YES

Finished IPP

Flowchart 1: An example of the interpretive processing
decision-making flowchart for the median filter plus
subtraction wavefield separation processing
(Hinds et al. 1989a).
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An interpretive processing panel (IPP) is constructed (described in section 2.2.2) to examine
the input and output of the various processing steps used to isolate the upgoing events into
the final display, Z,m.s(+TT). Here, the subscript describes the type of events within the
data and the term in the bracket refers to the data time configuration (see section 1.4.2). The
upgoing events in Z .4+ TT) are interpreted; however the interpretation is also placed on
the previous outputs along the processing route, such as the Z,(+TT), Z,(-TT), Zyun(-
TT), Z(-TT), Z,;,,(FRT) and Z(FRT) data. If any of the processing steps, starting from the
raw data, Z(FRT), to the median filtered upgoing event data in pseudo-two-way traveltime,
Z,\meq)(+TT), have introduced artifacts that adversely affect the interpretation, then the
processing step is modified to eliminate the artifacts. This procedure of generating the IPP
and then determining the effect of the processing on the data is repeated until the
interpretation is clear of processing artifacts. Using the example of wavefield separation,
interpretive processing continues by utilizing the Z pqeq)(+TT), Z,,(+TT), Zy,,,(-TT) data
in the deconvolution processing and within the deconvolution IPP (described in section

2.2.6.1).

An example of processing artifacts is Rieber mixing (Sheriff, 1991) which can occur within
Frequency-wavenumber (F-K) wavefield separation processing. As is illustrated further in
section 2.2.4, separated upgoing events can be laterally smeared onto depth traces where the
event was not recorded if only the narrow range of F-K domain data containing these
upgoing events are used during the inverse Fourier transformation. An upgoing multiple
event in Z,,(+TT) data could then extend laterally beyond its corresponding primary
(Hardage, 1985). The multiple event could be misinterpreted to be a primary event and not

a multiple event.
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This chapter displays the processing of near and far offset VSP data. The interpretive
processing is developed through the use of the IPP and interactive screen processing. Where
there are alternative processing routes that can be used, as in the case of wavefield
separation, the various wavefield separation techniques are reviewed. The various techniques
are formulated into the framework of interpretive processing panels. Where a single method
can be used in more than one way to perform a single task, such as 7-P wavefield separation
processing, a number of different routes are explored. The advantages and disadvantages of

using the various routes are then evaluated in terms of the effect on interpretation.

In the far offset VSP processing, a case study presented in this chapter illustrates a normal
processing route for the Ricinus data (see chapter 4; Hinds et al.,1989a; Hinds et al., 1993c
and Hinds et al., 1994c) which produced results which were contaminated by mode converted
downgoing and upgoing SV events. Following the interpretation of these events, it was
decided to go back to the Z(FRT) and HMAX(FRT) data and to perform filtering in order
to attenuate the mode converted events at that point in the processing procedure. The data
was then successfully reprocessed using wavefield separation and time-variant polarization

to output more interpretable results.

The success of far offset VSP deconvolution process is shown to be data dependent. In this
chapter, the far offset VSP data of the Ricinus (chapter 4; Hinds et al., 1989a; Hinds et al.,
1993c and Hinds et al., 1994c) and Simonette (chapter 6; Hinds et al., 1991b; Hinds et al.,
1993b and 1994c) carbonate reef case studies are deconvolved to show the positive and

negative effects of far offset VSP deconvolution.
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For wavefield separation processing, the use of the median (Hardage, 1985), F-K, K-L
(Hinds et al., 1986; Freire and Ulrych, 1988) and 7-P (Hu and McMechan, 1987; Moon et
al., 1986; Devaney and Oristaglio, 1986) are demonstrated. In this chapter, it will be shown
how the various methods can also be combined to perform individual tasks within another
me;hod’s wavefield separation IPP. An example of this is the case of using surgical F-K
muting to attenuate the aliased tubewave events contaminating the Z,,(+TT) data that were
originally wavefield separated from the Z(-TT) data using the median filter wavefield
separation technique (section 2.2.4.4) . Here the surgical F-K muting technique is used for

upgoing P-wave event enhancement.

Interactive screen processing is shown to assist interpretive processing in the evaluation of
(1) event identification and (2) the effect of processing parameter selection on event isolation.
This type of processing is deemed in this thesis to be a part of interpretive processing (Hinds

et al., 19%4c).

The final VSP products are used in conjunction with other exploration data in the integrated
log display (ILD), integrated seismic display (ISD) and the integrated interpretive display
(IID). This allows an additional interpretive check on the processing since the geological log
and surface seismic data can be compared to the VSP results. These displays are used within
integrated geological/geophysical interpretation (Hinds et al., 1989a, Hinds et al., 1991a,

1991b and 1993c; Hinds et al., 1993a and 1994b; Hinds et al., 1993b, 1994a and 1994c).

37



.
ey

ﬂ UNIVERSITEIT VAN PRETORIA
0 UNIVERSITY OF PRETORIA
@

YUNIBESITHI YA PRETORIA

2.1 Processing runstreams

The main components of VSP processing to be discussed will be:
(1) up- and downgoing wavefield separation;

(2) VSP deconvolution (Hubbard, 1979);

(3) time-invariant polarization;

(4) time-variant polarization;

(5) VSP-CDP transformation (Dillon and Thomson, 1984); and

(6) VSP migration processing.

Wavefield separation runstreams in the literature highlight a single filter or method to
perform the wavefield separation (Lee and Balch, 1983; Lee, 1984; Tariel and Michon,
1984; Beydoun et al., 1990; Shuck, 1988a and b). The runstreams highlight the processing
steps; however, Hinds et al., (1989a) produced both near and far offset runstreams through

the IPP displays that brought full interpretation into the processing picture.

The runstreams however should be considered to be data dependent since every VSP dataset
will contain inherent interpretation problems. The suggested processing presented below and
elsewhere in VSP literature should be considered as guidelines. An example near offset
processing flow using the median filter wavefield separation (used in Hinds et al., 1989a)

could include:

1. geometry design and completion of trace headers;

2. editing of the unstacked Z(FRT) data;
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3. compensation for source timing errors (as an example, the picking of near-source airgun first breaks and
subsequent static shifting of the corresponding VSP data);

4. common sonde location gathering and summation;

5. first break picking of first break compensated Z(FRT) data;

6. editing of VSP stacked data;

7. application of a spherical divergence correction for downgoing waves using a velocity model defined by the
VSP first break times;

8. static shifting of Z(FRT) data to -TT alignment, Z(-TT) ;

9. application of a median filter to Z(-TT) data to isolate downgoing waves and produce the output data,
Zy.(TT);

10. scaling of Z,,,,(-TT) to match the Z(-TT) data;

11. subtraction of scaled Z ., (-TT) from Z(-TT) to output Z,,(-TT);

12. perform multi-window frequency analysis to design and perform time-variant filtering on Z,,(-TT);

13. design deconvolution operator from Zg,,,(-TT) and apply to Z,,(-TT) to output Z,,gecon(-TT);

14. statically shift Z,,(-TT) and Z,,g,cory (-TT) data to output Z,(FRT) and Z,,gecony(FRT) data,
respectively;

15. apply spherical divergence correction for upgoing waves (model-based) to Z,,(FRT) and
Z 1 gecon(FRT);

16. apply normal moveout correction (and simultaneously static shift) to output Z,,(+TT) and
Z gecon(+ TT);

17. application of median and bandpass filter to enhance upgoing events on Z,,(+ TT) and Z,,,gecon (+ TT);

18. mute the upgoing wavefield data for use in the outside and inside corridor stack IPP’s (Hinds et al., 1989a)

Of Z“P(+ TT) a‘nd Zup(decon)(+ TT) data,

The wavefield separation route and analysis of multiple contamination will be data dependent.
A reference far offset processing runstream includes two hodogram based trace data

rotations, time-variant angle rotation, NMO, VSP-CDP or migration (Hinds et al., 1989a).
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Assuming that the X, Y, Z channel data have been edited, common receiver location

gathered, stacked and first break picked, an example runstream is presented below:

1. hodogram analysis about a window centred around the first break of the X(FRT) and Y(FRT) data;

2. rotation of the X and Y data to output the HMIN(FRT) and HMAX(FRT) data;

3. hodogram analysis about a window centred around the first breaks of the HMAX(FRT) and Z(FRT) data;

4. rotation of the HMAX(FRT) and Z(FRT) data to output the Z’(FRT) and HMAX’(FRT) data;

5. application of the spherical divergence correction for downgoing waves to the Z’(FRT) and HMAX’(FRT)
data;

6. statically shift the HMAX’(FRT) to output HMAX’(-TT) data;

7. wavefield separation using the median filter to output HMAX’,.(-TT) data;

8. scaling of the HMAX’, . .(-TT) data using a scale factor calculated from an analysis of data from a
window around the aligned first break wavelets in the HMAX’(-TT) data;

9. subtraction of scaled HMAX’,,,,(-TT) from HMAX’(-TT) to output the HMAX’, (-TT) data;

10. wavefield separation of the Z’(FRT) data using F-K masking to output the Z’,,(FRT) data;

11. application of inverse operation of step (4) on 2’ ,(FRT) and HMAX’  (FRT) to output Z,,ere (FRT)
and HMAX,, ey (FRT);

12. calculate the time-variant polarization (time, angle pairs) for every depth trace using ray-tracing of upgoing
waves reflecting from a model of interfaces created from the first break times and interval velocities of the
near offset VSP data;

13. application of the time-variant model-based rotations t0 the Z,,,gere (FRT) and HMAX , gero, (FRT) to Output
the Z", (FRT) and HMAX",(FRT) data;

14. application of a spherical divergence correction to the 1" ,,(FRT) data using modelled upgoing traveltimes;

15. application of model-based NMO correction to Z",(FRT) data;

16. time-variant bandpass filtering of Z",,(FRT) data;

17. statically shift Z", (FRT) data to output Z", (+TT);

18. application of a median and bandpass filter to Z",(+TT) data;
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19. application of VSP-CDP transform to output the Z",,(+TT) data or application of VSP migration to the
Z",,(FRT) data to output the Z",, data in the (+TT) versus offset distance away from the well domain;

20. application of a deconvolution operator calculated from the HMAX’,..(-TT) data to the Z",,(FRT) to
output t0 Z", 4econ(FRT) data;

21. replication of steps (14) to (19) to the Z" ,,uecon(FRT) data to output the VSP-CDP or migrated

YA data in the (4+TT) versus offset distance away from the well domain.

up(decon)

2.2 Near offset data processing IPP’s
2.2.1 Separation and up- and downgoing waves
The wavefield separation methods described in this section are:

(1) median filtering;
(2) Karhunen-Loeve (K-L) filtering;
(3) Frequency-spatial wavenumber (F-K) filtering; and

(4) time intercept-slowness (7-P) filtering.

For each method, an IPP is designed to reflect the processing steps of the wavefield
separation process. A description of the filter is reviewed with the mathematics for the filter
being reserved for the Appendix. The methods and the associated IPP’s are described with
interpretation in mind. The example data for each method were chosen to highlight

interpretational problems that may occur in using the process.
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For the median filtering method, the filtering is used to isolate the downgoing events from
Z(-TT) data into Z,,,,(-TT) data. The Z,,,,(-TT) data are amplitude balanced to match the

Z(-TT) data and then subtracted from the Z(-TT) data to output the Z, (-TT) data.

Similar to the median filtering wavefield separation method, the K-L filtering isolates the
Z 4, (-TT) data from the Z(-TT) data. The filtering transforms the Z(-TT) into its principal
components with the first (and largest) principal components representing the horizontally
aligned downgoing events. The data are inverse transformed using only the first few
principal components. Subtraction of the Z,,,,(-TT) data from the Z(-TT) data yields the

separated upgoing events.

The F-K method transforms the Z(FRT) data into the F-K domain. In this domain, the
upgoing events reside in the negative wavenumber quadrant and the downgoing events in the
positive quadrant. Using quadrant or surgical F-K muting, the downgoing events are muted
from the F-K domain. The F-K data are then inverse transformed to output the isolated

upgoing events, Z, (FRT).

In the F-K filtering section, F-K wavefield separation IPP and interactive F-K screen
processing are reviewed. The problems encountered in F-K filtering with Rieber mixing

(Hardage, 1985), spatial aliasing and events crossing within the F-K domain are addressed.

The 7-P filtering based wavefield separation method relies on the different slownesses of the
up- and downgoing events to perform the separation (Hardage, 1992; Hu and McMechan,

1987). In this section, the 7-P filter is used to perform velocity filtering and spatial
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interpolation (Hu and McMechan, 1987). The spatial interpolation is used in the separation
step and as a pre-processing step for other wavefield separation methods (Hinds et al.,

1994c).

One way to view the examples is to recognise the types of problems (such as random noise,
tubewave and SV event contamination) present within each example dataset and then to look
for similarities between industry data and the example VSP data. The second way is to
compare the chapter 2 data once the data have been interpreted in the case histories. The
way in which the various filtering methods shown in chapter 2 have aided or distorted the
final interpretations is shown in chapters 3 to 6. The interpretations are not presented in
depth in this chapter; however, the development of interpretive processing (IPP and

interactive processing) and associated displays is stressed.

2.2.2 Median filtering

In this section, the wavefield separation method will use the median filter. The flowchart
of the wavefield separation procedure using the median filter is shown in Flowchart 2. The
median filter is used to isolate the downgoing events from the Z(-TT) data into the
downgoing event data shown in the Z, ,,(-TT) panel. The isolated downgoing events are
scaled and then subtracted from the up- and downgoing events of the Z(-TT) data resulting
in the upgoing event data displayed in the Z,,(-TT) data panel. Following static shifting and
further median filtering, the Z, 4 (+TT) data are interpreted. The interpretation is then

placed on all of the data panels starting from the Z(FRT) data to the Z,eq(+TT) data.
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FLOWCHART - Wavefield separation using the median filter method

Z(FRT)

v

Normalize on first break data

Z,,.(FRT)

<

v

Pick first breaks, align (-TT)

Z(-TT)

OR

~
_—

<

v

Use median filter to attenuate
upgoing events

Zdown(-TT)

l
____,@
l

Normalize Z,,,,,(-TT) first break wavelet
using Z(-TT) data.

Subtract normalized Z,,,,,(-TT) from Z(-TT)

to output Z, (-TT) data.

Z,(-TT)

v

Static shift data to (+TT)

Z,,(+TT)

?

v

apply median filter

Zn p(med)(+TT)

Determine cause of
artifacts and redesign
parameters

|

YES

interpret up- and downgoing events on the data displays.
Has the choice of median filter length or first break
alignment created processing artifacts?

NO

Use Zyown(-TT), Zyy(+TT) and Zypeqy(+TT) in the
deconvolution processing and IPP design.
Use Z,,;(meqy(+TT) in integrated interpretive display (1ID)

Flowchart 2: An example of the interpretive processing
flowchart for the median filter plus subtraction
wavefield separation processing (Hinds et al., 1989a).
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An analysis of the effect of each processing step on the interpretation of the upgoing events
is done. When using the median filter for wavefield separation, the two areas that are of
concern are (1) the first break picking and (2) the length of the median filters used to
perform upgoing event isolation and upgoing event enhancement. The first breaks times are
repicked or lengths of the median filters applied are modified and the processing is repeated
if improper first break picking or the wrong choice of median filter lengths have resulted in
processing artifacts that adversely affect the interpretation. The use of the median filter
within a wavefield separation IPP on multiple and tubewave contaminated data are shown in

the sections below.

2.2.2.1 Review of the median filter

The theoretical basis of the one- and two-dimensional median filter has been reviewed in
Arce et al. (1986), Fitch et al. (1984), Arce and McLoughlin (1984), Gallagher and Wise
(1981) and Nodes and Gallagher (1982). Kommedal and Tjostheim (1989) and Hardage
(1985) published studies that compared the median filter based wavefield separation methods

to other wavefield separation methods.

The input data to the 1-D median filter is a window of data points from a series of depth
traces for a single time value. The number of windowed data points can be an even or odd
value, (2N or 2N+1). Since the median filter requires N points before and after the centre
data point within the data window, data padding is done at the edge of the dataset (the

shallowest and deepest data traces are repeated to perform the padding).
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For an example, consider a 7 point median filter. During the filtering, the sliding constant
time window would contain data values from 7 depth traces. These seven values are sorted
according to magnitude with the centre value of the sort being termed the median value.
That median value becomes the value for the fourth depth trace within the same window for
the resultant output data. The median filter window keeps sliding across the data until all
of the depth traces of the input data have been processed. All of the traces at the next time

value are then processed.

For the odd numbered point filter, the median value at the centre of the sorted windowed
time series becomes the new value of the output series. When N is even, the mean of the
two middle median values is the output of the filter. The equations for the median filtering

are discussed in the Appendix.

2.2.2.2 Median filtering and multiple contaminated VSP data

Figure 2.1 is the median filter based wavefield separation IPP for the multiple contaminated
near offset data of the Fort St. John Graben case history (Hinds et al., 1991a; Hinds et al.,
1993a and 1994b; Hinds et al., 1994c) discussed in detail in chapter 5. The raw Z(FRT)
data are equalized using a window centred on the first break wavelets and the resultant data
are shown in panel 1 of Figure 2.1. By inspection, it is clear that the downgoing waves are
orders of magnitudes larger in amplitude than the upgoing waves (Hardage, 1985). The
depth variable increases along the horizontal axis from left to right in panels 1-7 and

traveltime increases downwards. Strong repetitious downgoing multiple wavetrains in panel
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1 follow the first breaks.

In panel 2, the FRT data have been gained (a form of programmed gain control) to show the
inter-relationship between the up- and downgoing multiples. One particular multiple
represented by the series of reflections beginning with the reflected upgoing event (trough)
generated at an interface at about 690 to 710 m (Spirit River Formation; see Chapter 5) can
be tracked. The upgoing primary event is highlighted on panel 2. The upgoing event
intersects the primary downgoing "curve" at about 0.115 s FRT traveltime between the 690
and 710 m traces. The upgoing event can be traced (increasing in traveltime with decreasing
depth) back to the shallowest trace (at approximately 0.24-0.25 s). The intersection of the
same event with the surface generated downgoing multiple occurs at 0.19 s on the trace for
470 m. The downgoing surface generated multiple (coloured blue) is opposite in polarity (a
trough) to the primary downgoing wave (the same polarity as the upgoing primary). The
intersection of the two waves is only noted to guide the reader; there is no physical
significance to the intersection. If the highlighted portion of the downgoing multiple
(coloured yellow) is followed deeper in time to 0.22 s on the 690-710 m trace, it is clear that
the downgoing multiple reflects at the 690 m interface and creates an upgoing multiple (a
peak). The highlighted upgoing multiple only exists on traces shallower than the 690 m trace
(this can be seen more clearly in the absence of downgoing events on panels 5, 6 and 7).
We have thus reached our first interpretive processing objective; namely, that this multiple
described above must be preserved during the wavefield separation method such that the

extent of the upgoing multiple event does not extend to traces deeper than 690 m.

What are the timing relationships? The time delay between the downgoing primary (peak)
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and the first strong surface generated downgoing multiple (trough) is the same time delay as
between an upgoing primary event (the Spirit River event of Chapter 5; Hinds et al., 1991a;
Hinds et al., 1993a and Hinds et al., 1994c) which is a dominant trough at 0.28 s on panel
7 (coloured blue) and the corresponding upgoing multiple (a peak at 0.4 s on panel 7

coloured blue).

A clear upgoing event generated at about 1250 m depth (Nordegg Formation event described
in Chapter 5) is highlighted (in orange) on panels 2, 7 and 8 and a set of associated upgoing
multiples are generated in the same way as were the multiples described above for the Spirit
River Formation interface (at 690 m). The first upgoing multiple of the Nordegg Formation
interface resulting from the surface generated downgoing multiple is also highlighted in
orange and occurs at approximately 0.725 s on panels 6 and 7. On panel 3, the Z(FRT) data
are statically shifted to Z(-TT). The first break is aligned at 100 ms so as not to lose any
part of the first break wavelet. If the first break would have been picked as the dominant
trough of the first break (following the strong peak) and was shifted to the time origin, then

the data appearing before the trough would have effectively been muted.

In panel 4 of Figure 2.1, an 11 point median filter has been used to isolate the horizontally
aligned downgoing wavefield events. The median filtering wavefield separation technique

is really a three-part exercise. In (-TT) time, the method consists of:

1) separating the downgoing waves, Z;,.,(-TT), from the combined wavefield data,
Z(-TT);

2) amplitude balancing the separated downgoing waves, Z,,.,(-T'T), with the combined

down
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wavefield data, Z(-TT); and
3) subtracting the amplitude balanced downgoing waves, Zq.,(-TT) from the combined

wavefield data, Z(-TT), to obtain the upgoing events, Z,,(-TT).

The combined wavefield data, downgoing events, and separated upgoing events (-T'T) are
shown in panels 3, 4, and 5, respectively. The data are placed into (+TT) by first break
time shifting (as shown in Fig. 1.4). At this stage, a second multiple problem that can be
detected using interpretive processing can be seen on Figure 2.1 ! Amidst the upgoing
multiples starting from 0.6 - 0.8 s on panels 6 and 7, there is an upgoing primary (since it
intersects the first break curve in panel 2, 5, and 6 on the 1470-1490 m traces) at 0.7 s.
This primary event which is highlighted in red on panel 7 of Figure 2.1 must be preserved

during the deconvolution processing.

Through the use of interpretive processing, it can be determined that the median filter
wavefield separation method has preserved the edge (lateral extent) of the upgoing multiples
and has preserved the discontinuity between the primary from 1470 m and the multiples in
which the primary is superimposed. The Z,,(FRT) data in panel 6 are enhanced using a
short length median filter and the enhanced version is presented in panel 7 of Figure 2.1.
This has turned out to be a classic multiple data example which can be used for the other

wavefield separation methods.
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2.2.2.3 Median filtering and tubewave contaminated VSP data

Another example of the median filter based wavefield separation IPP is shown in Figure 2.2
for tubewave contaminated data. Hardage (1981, 1985) gives a thorough description of the
tubewave and its appearance on VSP data. The shallowest trace was recorded at 410 m
depth so that the origin of the tubewave event could be traced to the surface. The tubewave
is most likely due to the first arrival of the Rayleigh ground roll wave and the action of the
wave at the wellhead causing vertical motion in the borehole fluid column (Hardage, 1985).
This would be categorized as Hardage’s Tubewave Mode 2 (Hardage, 1981). The questions
are whether one needs to or can attenuate the tubewave in order to better interpret upgoing
events that the noise event may be superimposed upon. On panel 2, the gained data reveal
that the tubewave event is spatially aliased. Spatial aliasing is discussed in Yilmaz (1987)
and Hardage (1985). The depth increment of 30 m was not adequate to sample the low
velocity tubewave. The up- and downgoing tubewave events are highlighted on panels 1, 2

and 3.

In the Z,,,.(-TT) data shown in panel 4, much of the downgoing tubewave event has been
eliminated from the combined wavefield data, Z(-TT), shown in panel 3. This implies that
the entire downgoing tubewave will not be subtracted out of the Z(-TT) data during the
wavefield separation and the aliased part of the tubewave that appears to be upgoing events
will remain in the Z, (-TT) data . In panel 5, the gained separated upgoing data, Z,,(-TT),
still contains the high amplitude tubewave event. The aliased tubewave event that has not
been eliminated is highlighted in yellow on panels 5-8. The Z,,(+TT) and Z,yeq)(+TT)

data in panels 6 and 7, respectively, show the interference of the tubewave with the upgoing
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Figure 2.2 Wavefield separation IPP of the tubewave contaminated data using the median
filter and subtraction method (Hinds et al., 1989a). The F-K domain plot of the
surgical muting (panel 8) is displayed in Figure 2.17.
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primary events. A striking example is the interference of the upgoing primary located at 0.9

s and highlighted (in green) on panels 7 and 8.

Panel 8 shows the upgoing events after surgical F-K muting of some of the aliased tubewave
F-K response. The F-K plot of the data following the surgical muting is shown later in
Figure 2.17. The events surrounding the tubewave event have been raised in amplitude;
however, the tubewave event still inhibits the interpretation of the upgoing events along its
path where the aliased (appearing as upgoing events "within" the tubewave event) portion of
the tubewave event constructively and destructively interferes with the flat lying upgoing P-
wave primary events. Using a longer length median filter in producing the Z,,geq(+TT)
data of panel 7 would eliminate more of the downgoing tubewave from the data; however,

amplitude variations within the upgoing events would not be preserved.
2.2.2.4 Difference panels to aid in filter length determination

Do we have intermediate steps that can be used to choose the length of the median filter to
be used? In panels 1-5 of Figure 2.3, a series of Z,,,,(-TT) data panels for a marine near
offset VSP have been produced using a 3, 5, 7, 9, and 11 point median filter on the original
Z(-TT) data, respectively. The separated downgoing waves appear similar with minor
amounts of residual upgoing waves left in panels 1 and 2. In panels 6, 7, 8, and 9, the 11
point median Z,_, (-TT) data have been subtracted from the 3, 5, 7, and 9 point median filter
panels, respectively to form a difference panel. The amount of residual upgoing events left
in the downgoing wavefield panels can be shown relatively simply through the use of the

difference panels. The 3, 5, and 7 point median filters are not suitable for the wavefield
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Figure 2.3 Downgoing event panels separated from Z(-TT) data using a 3, 5, 7, 9 and 11
point median filter (panels 1-5, respectively). Panels 6-9 display the subtraction of
the data in panel 5 from the data and 1, 2, 3 and 4, respectively.
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separation technique with this particular VSP dataset. This exercise is important because any
residual upgoing wave events left in the Z,,,,(-TT) data will be subtracted out of the Z(-TT)

during wavefield separation and can never be recovered.

2.2.3 Karhunen-Loeve (K-L) filtering

In this section, the wavefield separation method will use the K-L transform. Flowchart 3
shows the wavefield separation procedure using the K-L transform. The gained Z(-TT) data
are K-L transformed; the K-L domain consists of principal components which are related to
the eigenvectors of the data autocovariance matrix (see Appendix for details). The
eigenvalues associated with the eigenvectors are indicative of horizontal coherency within the
data. As shown in the flowchart, the data are reconstructed (inverse K-L transformed)
excluding the principal components that represent the horizontally aligned downgoing events.
The data within the K-L IPP are interpreted and if processing artifacts have been introduced
into the data, those processing steps that introduced the artifacts are modified and repeated

until the interpretation of the data is unaffected.
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FLOWCHART - Wavefield separation using the K-L transform method

Z(FRT)

+ Normalize on first break data

Z,...(FRT) <

‘ Pick first breaks, align (-TT) / OR
¢ A

‘ Perform K-L transform

Z(-TT)

- decide on which eigenvalues and
eigenvectors (principal components)
represent P-wave downgoing events

- inverse K-L transform Z(-TT) data

using principal components of
upgoing VSP events

v

Z up(-TT)

‘ Static shift data to (+TT)

Z,(+TT) Determine cause of

. artifacts and redesign
* apply median filter parameters

Zup(med)(+TT)

l YES

interpret up- and downgoing events on the data displays.
Has the choice of principal components or first break
alignment created processing artifacts?

l NO

Use Zggun(-TT), Z,;(+TT) and Z,,\mea(+TT) in the
deconvolution processing and IPP design.
Use Z,(meq)(+TT) in integrated interpretive display (1ID)

Flowchart 3: An example of the interpretive processing flowchart
for the K-L transform wavefield separation processing
(Hinds et al., 1994c).
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2.2.3.1 Review of the K-L transform

The simplest of assumptions involving the Z(-TT) data is that the downgoing P-wave event
is horizontally aligned and that the downgoing multiples are time-delayed from the primary
downgoing event but are similarly "strictly" horizontally aligned during the (-TT) time
alignment. This assumption has enabled processors to use the Karhunen-Loeve transform
(Hotelling, 1933; Karhunen, 1947; Loeve, 1948, 1955; Watanabe, 1965; Kramer and
Mathews, 1956) to selectively evaluate which eigenvectors and eigenvalues are to be used
during the data reconstruction (inverse K-L transform) to isolate the upgoing wavefield events

(Freire and Ulrych, 1988; Hinds et al., 1986) .

Both the singular value decomposition method (SVD, see Freire and Ulrych, 1988) and the
K-L transform use the magnitude of eigenvalues computed through an SVD operation to
choose a data reconstruction based on the lateral coherency of the data. Following an
eigenanalysis of the autocovariance matrix of the input VSP data (Jackson et al., 1991; Jones
and Levy, 1987; Jones, 1985), the largest eigenvalues (Hardage, 1992) will represent the
principal components having the greatest amount of coherent energy (Jones and Levy, 1987).
The output data are reconstructed using selected principal components (see Appendix). Some
of the principal components associated with the largest eigenvalues are not used in the Z(-
TT) data reconstruction. These principal components are interpreted by the processor to
represent the downgoing wave events. Leaving out these principal components during the

inverse K-L transform results in the Z,,(-TT) data.

This method has been used whenever it is possible to isolate data into linearly coherent
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versus linearly non-coherent data. In surface seismic processing, multiple attenuation of
CDP gathers can be effected by applying NMO using the multiple velocity and then using
the K-L transform to reconstruct pre-stack events that are not linearly coherent (Jones, 1985;
Jones and Levy, 1987; Hinds and Durrheim, 1993 and 1994). Conversely, the interpreted
primary events can be aligned using NMO corrections with the "best" primary velocity
function. Following the K-L transform, the principal component data are transformed back
into CDP gathers using the principal components reflecting the largest eigenvalues. In VSP
processing, the -TT downgoing waves are aligned to make the downgoing wavefield data the
events that possess the greatest amount of linearly coherent energy (Freire and Ulrych, 1988;
Hinds et al., 1986). Following the eigenanalysis, data reconstructed using only the principal
components associated with the largest eigenvalues would yield the separated downgoing
events. An excellent review of the use of the K-L transform on VSP (and crosswell

tomography) data is given in Hardage (1992).

In Jones (1985), it was shown that the application of the K-L transform can preserve the
original lateral extent of events as well as separate events based on their linear coherency.
This is important whenever one deals with up- and downgoing multiple events. The
interpretation of the interbed downgoing multiple depends on showing that the downgoing
multiple does not exist on all of the depth traces. The top generating interface (the interface
that reflects an upgoing event to create a downgoing multiple event) of the multiple is

interpreted as the shallowest trace that the downgoing interbed multiple exists on.
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2.2.3.2 K-L filtering and multiple contaminated data

The K-L wavefield separation IPP is displayed in Figure 2.4. Panel 1 displays the data that
have been normalized using a calculation window around the primary downgoing event. This
normalization of the input data to the SVD step is crucial to the success of the method (Freire
and Ulrych, 1988; Hardage, 1992). Another normalization step imbedded in the method can

be the normalization of the eigenvalues themselves following the SVD step.

The Z(-TT) data are displayed in panel 2. The trace-to-trace amplitude variation of the
separated downgoing events, Z,,..(-TT), in panel 3 is not seen in the separated downgoing
events using the median filter wavefield separation (panel 3 of Fig. 2.1). Panel 3 was
constructed using only the first two eigenvalues (related to the first two principal
components) created during the K-L transformation. The use of the median filter to separate
the downgoing events from the combined wavefield data (section 2.2.2.2) tended to smear
and distort downgoing event amplitudes. The K-L separated downgoing events do not
require the balancing of the separated downgoing events with the combined wavefield data
prior to the subtraction process, Zg,..(-TT) from Z(-TT), as much as the median filter based

wavefield separation.

By subtracting the data in panel 3 from the Z(-TT) data in panel 2, the separated upgoing
events, Z,,(-TT) data, are output (panel 4). In panel 5, the Z,,(FRT) data are shown and
an enhanced version of panel 5 using a second K-L filter is presented in panel 6. As a
comparison, a 5-point median was also used to enhance the upgoing events contained in

Z,,(+TT) data and are shown in panel 7. The enhanced upgoing events in panels 6 and 7
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are similar (using a 5-point median filter is not a severe application). The primary upgoing
event that is embedded in the contaminating multiples appearing beyond the 1210 m depth

trace is adequately preserved for interpretation purposes.

The K-L transform method should be used when amplitude preservation is critical and when

interbed multiples are being investigated within the separated downgoing events.

2.2.4 2-D Fourier Transform filtering

In this section, the use of F-K domain filtering within the wavefield separation processing
will be discussed. In the depth-time domain, the up- and downgoing events cross and
interfere with each other; however, the upgoing events in the F-K domain separate from the
downgoing events (Hardage, 1985). By attenuating the values of specific portions of the F-K
domain representation of the Z(FRT) data, the downgoing events can be eliminated from the
inverse F-K transformation. The resultant depth-time data, Z,,(FRT), will contain the
separated upgoing events. Two types of F-K domain processing are currently available

within interpretive processing (Hinds et al., 1994c):

(1) designing the F-K mute parameters, implementing the parameters within a processing

runstream and evaluating the F-K domain wavefield separation IPP; and
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(2) using interactive screen processing to compare the input and outputs of the F-K filtering
step, evaluating the success of the single step of processing and modifying the F-K

filtering parameters until any processing artifacts are minimized.

The term "F-K muting" is used to describe the lowering of F-K domain values within a
specific mute window (piece of the F-K domain) in order to attenuate the depth-time events
that are represented within that F-K mute window. The boundary between the "window" of
data designed to be muted and the remainder of the F-K domain data is usually not a sharp
cutoff. The difference in values along the F-K boundary of the muted and non-muted F-K
data is gradually "sloped” in order to minimize the 2-D version of Gibb’s phenomena.
Before the introduction of software packages which accepted polygonal definitions of the F-K
zones to be muted, two "input" velocity values would specify the familiar pie-slice (velocity

filter) mute (Kanasewich, 1981).

2.2.4.1 Review of F-K filtering

The Z(FRT) data contain up- and downgoing events that respectively map into the negative
and positive quadrants of the F-K domain after 2-D Fourier transformation. A linear event
in the depth-traveltime (FRT) domain maps as a linear event in the F-K domain. As shown
in Hardage(1985), the up- and downgoing P and SV events become separate linear events in

the F-K domain.
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The relationship between frequency (w), spatial wavenumber (k,) and apparent velocity )
is w =k, ~ v. This means that linear events in the Z(FRT) data map into linear events in
the F-K domain passing through the F-K domain origin. The slope of the transformed linear
events within the F-K domain is equal to the event’s apparent velocity in the depth-time
domain. Excellent reviews of the F-K domain processing are presented in Hardage (1985,

1992), Hatton et al. (1986), and Yilmaz (1987).

To show the different VSP events in both the depth-time (FRT) and F-K domains, the Fort
St. John Graben case study near offset Z(FRT) data (Hinds et al., 1991a; Hinds et al.,
1993a; and Hinds et al., 1994c) are shown in Figure 2.5A and B in the depth-time and F-K
domains, respectively. Some of the VSP events within the Z(FRT) data are labelled for

clarity. The labelled events on Figure 2.5A and B are:

(1) downgoing P-wave events (positive K quadrant);
(2) upgoing P-wave events (negative K quadrants);
(3) downgoing tubewave events; and

(4) upgoing tubewave events.

For the downgoing tubewave events, the non-aliased data are between 0-35 Hz in the positive
K quadrant and the aliased energy "wraps around" between 35-60 Hz in the negative K
quadrant (Fig. 2.5B). The part of the downgoing tubewave events that contain frequencies
above 35 Hz will visually appear to be upgoing events in the depth-time domain due to

spatial aliasing. The cause of the aliasing is the choice of depth increments between the VSP
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"wrap around” in F-K space, the depth recording interval was too coarse to properly record

all of the tubewave events for the F-K processing. Similarly, for the upgoing tubewave

events, the non-aliased energy is between 0-35 Hz in the negative K quadrant and the aliased

energy "wraps around" between 35-60 Hz in the positive K quadrant. An excellent review

on tubewave aliasing is given in Hardage (1981).

It can be noted that the aliased downgoing tubewave event intersects the upgoing P-wave
events at approximately 55 Hz in the negative K quadrant.

In Figure 2.6, the different types of F-K mutes which will be reviewed in more detail later
are shown. The muting procedures used in this thesis are:

(1) FK quadrant attenuation (the data in one of the K quadrants are muted; Fig. 2.6A);

(2) Polygon or narrow "reject” zone (similar to pie-slice filtering discussed in March and

Bailey, 1983) muting (Fig. 2.6B);
(3) Polygon or narrow "accept” zone muting (Fig. 2.6C); and

(4) the interactive polygonal muting (more than one polygon within the F-K domain is

specified) shown in Figures 2.6D and E.
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The interpretation of the separated upgoing events resulting from the use of the different
types of F-K filters will be shown below for multiple and tubewave contaminated Z(FRT)
VSP data. The F-K mute applications will have an effect on the isolation of primary,
multiple and tubewave (aliased and non-aliased) events which will be seen using the F-K

domain IPP (Hinds et al., 1994c).

2.2.4.2 F-K filtering and multiple contaminated VSP data

The wavefield separation results obtained following the application of various types of F-K
filtering on the near offset Fort St. John Graben case study (Hinds et al., 1991a; Hinds et
al., 1993a and 1994b; Hinds et al., 1994c) multiple contaminated Z(FRT) VSP data are
shown in Figures 2.7 through 2.13. By examining the suite of resultant Z, (FRT) data in
the depth-time domain, interpretation problems caused by the F-K filtering methods can be
investigated. The input Z(FRT) data and corresponding F-K plot are presented in panel 1
of Figure 2.7 and Figure 2.8, respectively. The horizontal axis on Figure 2.8 is the
wavenumber axis labelled with negative and positive spatial frequencies. The spatial
frequencies are in units of 1/m and the labelled values have been multiplied by 10° for

diagram clarity. The vertical axis is the frequency axis with values in hertz (Hz).

The dominant VSP events represented in the F-K plot of Figure 2.8 are the downgoing P
waves shown in the positive K (wavenumber) quadrant. The downgoing tubewave within the
depth-time domain appears in panel 1 of Figure 2.7 as the highlighted dispersive wavetrain

emerging on the 1310 to 1650 m traces at 1.2 s (FRT). On the F-K plot of Figure 2.8, the
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Figure 2.7 Z(FRT) and Z,,(FRT) data wavefield separated using the median filter and
various F-K operations for the Fort St. John Graben data (Hinds et al., 1993a) near
offset multiple contaminated data. The mute designs are shown in Figure 2.6.
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Figure 2.8 F-K plot of the Z(FRT) Fort St. John Graben case study data (Hinds et al.,
1993a) shown in panel 1 of Figure 2.7. The annotated red lines define the slope
(velocity) of the up- and downgoing tubewave F-K events. Note that the tubewave
events alias back into the oppositely-signed F-K quadrants after the linear events

exceed the Nyquist K (spatial) frequencies.

69



-
- v

ﬂ UNIVERSITEIT VAN PRETORIA
0 UNIVERSITY OF PRETORIA
4

YUNIBESITHI YA PRETORIA

downgoing tubewave F-K trend in the positive K quadrant has a slope of approximately 1440
m/s. The unaliased portion is comprised of the F-K amplitudes along a linear trend which
starts at the F-K origin and ends at a frequency of 35 Hz and a wavenumber value of 2500
(*10°) m™. The unaliased portions of both the up- and downgoing tubewave events are
highlighted in red in Figure 2.8. The "wrap around" occurs at the positive (for downgoing)
and negative (for upgoing) Nyquist spatial frequency of 1/2 Az (= -1/40 m = 0.025 m™").

The "wrapped around" parts of the aliased tubewave have been described above.

There is an upgoing tubewave event resulting from the reflection of the downgoing tubewave
at the bottom of the borehole (not shown in panel 1 of Fig. 2.7 since only 1.3 s of the
original 3 s of data have been plotted). This upgoing tubewave event is seen unaliased in the
negative F-K quadrant from O to 35 Hz and the aliased portion "wraps back" into the positive
F-K domain at higher frequencies. The aliased downgoing tubewave F-K events intersect
the upgoing P-wave F-K events at 55-60 Hz in the negative F-K quadrant; however, the bulk

of the upgoing P-wave energy resides at lower frequencies.

The median filter wavefield separation result is shown in panel 2 of Figure 2.7 and is used
for comparison with the F-K filtering based wavefield separation results of panels 3 to 6.
The downgoing tubewave event in the Z, (FRT) data of panel 2 are not appreciably
attenuated. An F-K plot (Fig. 2.9) of the Z,(FRT) data in panel 2 shows that only a narrow
zone immediately around the downgoing P-wave display has been attenuated. Any attenuated
downgoing tubewave data in panel 2 of Figure 2.7 would a result of the application of a post-
median filter bandpass filter applied to eliminate the median filter "whiskers" (Hardage,

1985).
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Figure 2.9 F-K plot of the median filter and subtraction method derived Z,,(FRT) data
(shown in panel 2 of Figure 2.7). The method has rejected the downgoing P-wave
events; however, the up- and downgoing tubewave F-K events are relatively

unaffected.

71



-

Fya

Loh

e‘a UNIVERSITEIT VAN PRETORIA
07 UNIVERSITY OF PRETORIA
4

YUNIBESITHI YA PRETORIA

Panel 3 of Figure 2.7 displays the result of the simplest and most commonly used type of F-
K filtering; namely the masking of the entire positive K quadrant. To evaluate the effect of
the F-K quadrant elimination processing on the Z(FRT) data (panel 1 of Fig. 2.7), the F-K
plot of the Z(FRT) data (Fig. 2.8) can be compared to the F-K plot of the Z,,(FRT) data
in panel 3 of Figure 2.7 (F-K plot shown in Fig. 2.10).  The downgoing tubewave
frequency content below 35 Hz has been attenuated in Figure 2.10; however, the aliased
downgoing tubewave (appearing between 36-60 Hz) and the unaliased parts of the upgoing
tubewave (between 0-35 Hz) will remain in the Z,,(FRT) data. There is a band of energy
associated with a broad k, range centred at 30 Hz in Figure 2.7 which may be sonde

resonance.

In panel 4 of Figure 2.7, the result of attenuating the content of a surgical F-K mute polygon
zone around the downgoing P-wave F-K events is shown. The F-K mute zone is highlighted
in the F-K domain plot (shown in Fig. 2.11) of the Z,,(FRT) data of panel 4 (Fig. 2.7).
Downgoing mode-converted shear waves are retained in the Z,,(FRT) data and are
highlighted (in blue) on panel 4. The downgoing mode-converted shear wave events (shown
in blue on panel 4) display a similar dip or apparent velocity to that of the downgoing
tubewave events (displayed in yellow on panel 4). The upgoing mode-converted shear wave
events would plot between the region of the upgoing P-wave and tubewave events in the F-K
domain. From an inspection of panel 4 of Figure 2.7, the bulk of the mode-conversions
occur at the 690-730 m interface. The surgical mute zone seen in the F-K plot of Figure
2.11 does not encompass the tubewave and mode-converted SV-wave events within the F-K
domain resulting in the appearance of these events in the Z,(FRT) data after the surgical

mute wavefield separation procedure.
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- Figure 2.10 F-K plot of the Z,,(FRT) data shown in panel 3 of Figure 2.7. The positive
spatial wavenumber (K) quadrant has been attenuated. The upgoing and aliased
downgoing F-K tubewave events have not been attenuated since these events exist in

the retained negative K quadrant.
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Figure 2.11 F-K plot of the Z ,(FRT) data shown in panel 4 of Figure 2.7. A spatially
limited reject polygon has been used to attenuate the downgoing P wave F-K events.

The applied mute does not appreciably affect the up- and downgoing tubewave F-K

events.
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The results of applying a "narrow accept” F-K mute filter to the Z(FRT) data are shown in
the Z,,(FRT) data in panel 5 of Figure 2.7. The F-K response showing the highlighted
boundaries of the zone within the F-K domain which was retained is displayed in Figure
2.12. The Z,,(FRT) data in panel 5 resulting from the use of the narrow accept F-K muting
within the wavefield separation processing is a visual example of Rieber mixing as explained
in Hardage (1985). The narrow range of spatial frequencies in the F-K pass zone results in

a broad expression of the events in the depth-time domain (also termed F-K smearing).

This can be seen by examining the Spirit River and Nordegg Formation primary and multiple
events. The events of the Z,,(FRT) resultant data shown in panel 5 (Fig. 2.7) are smeared
and the Spirit River multiple (coloured red) event does not truncate sharply at the 690-710
m traces. The Spirit River primary event has been coloured green in panel 5. Amplitude
preservation from trace to trace has not been accomplished due to the Rieber mixing.
Another example is the pfimary event (shown in blue) imbedded in the zone of multiples
(colored orange) originating from the 1250 m interface (Nordegg Formation) is barely
distinguishable as a separate event. The multiple and primary event have been highlighted
in panel 5. The cursor in Figure 2.12 is placed at the intersection of the aliased downgoing

tubewave and the upgoing P-wave events.

The application of the surgical F-K mute polygon "reject zones" to the Z(FRT) data results
in the Z,(FRT) data shown in panel 6 of Figure 2.8. The surgical F-K mutes are
highlighted in red within the F-K plot shown in Figure 2.13. The surgical mutes were
designed to attenuate the downgoing P-wave and the up- and downgoing tubewave events.

Two examples of the lateral truncation of the multiples below their respective primaries are
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Figure 2.12 F-K plot of the Z,,(FRT) data shown in panel 5 of Figure 2.7. A spatially
limited F-K accept polygon has been used to isolate and retain the upgoing P wave

F-K events. Due to the spatially narrow accept zone, the filtering results in Reiber

mixing in the depth-time domain.
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Figure 2.13 F-K plot of the Z,,(FRT) data shown in panel 6 of Figure 2.7. F-K polygons
outlined in red show the surgically muted reject zones in the F-K domain designed to

attenuate the downgoing P wave F-K events and the aliased and non-aliased tubewave

F-K events.
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shown in panel 6 of Figure 2.7. The primaries are highlighted in yellow and the multiple
events are shown in red. The multiple events are not smeared onto traces beyond the depths
where the primary events associated with the multiples were generated. To illustrate this,
a vertical line in pink has been drawn for both sets of primaries and multiples showing the
lateral extent of the events. The surgical F-K muting has attenuated both the downgoing P
and up- and downgoing tubewaves and has succeeded in preserving the trace-to-trace

amplitude variations (as was done for the median filtered Z,,(FRT) data shown in panel 2).

The acceptable types of F-K filtering for the multiple contaminated data shown in panel 1 of
Figure 2.7 (the near-offset data from the Fort St. John Graben case study; Hinds et al.,
1991a: Hinds et al., 1993a and 1994b; Hinds et al., 1994c) would appear to be the F-K
quadrant attenuation (Fig. 2.10) and the surgical F-K muting (Fig. 2.13). What is of concern
in the interpretive processing of multiple contaminated data is the lateral truncation of the

multiple events and the trace-to-trace amplitude preservation.
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2.2.4.3 F-K filtering and tubewave contaminated VSP data

In this section, the interpretive processing panel (IPP) for the F-K based wavefield separation
procedure will be introduced using tubewave contaminated Z(FRT) data. The two IPP’s

shown below will result from the use of:
(1) surgical F-K domain mutes (Fig. 2.14);
(2) the attenuation of the positive F-K quadrant (Fig. 2.15).

The tubewave contaminated Z(FRT) data are shown in panel 1 of the IPP in Figure 2.14.
The normalized Z(FRT) data contains a dominant aliased downgoing tubewave. The
tubewave is highlighted in yellow in panel 1. Panel 2 contains the Z,(FRT) data resulting
from the use of the median filter based separation method (Fig. 2.2). The upgoing wave data
highlighted in red in panel 2 are low in amplitude in comparison to the tubewave amplitude
shown in yellow. Panel 3 contains the Z, (FRT) data resulting from the application of
surgical muting in the F-K domain which was designed to suppress the downgoing and
tubewave events. The aliased downgoing tubewave F-K events which intersected the upgoing
P-wave events in the F-K domain were not included in the surgical mute design. The
Z,,(+TT) and median filter (3 point) enhanced Z,,(+TT) data are shown in panels 4 and
5, respectively. The upgoing events in the data are easily recognizable after the use of F-K

surgical muting wavefield separation.

The IPP for the F-K based wavefield separation method which mutes the positive F-K
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quadrant (containing the downgoing wave events) is shown in Figure 2.15. The Z,,(FRT)
data shown in panel 2 contains the aliased downgoing tubewave events (that appear as
upgoing events). The Z, (+TT) data are shown in panel 3. The Z,(+TT) data were
median filtered using 5- and 11-point median filters and respectively displayed in panels 4
and 5. The quadrant attenuation F-K filtering of the tubewave contaminated data (panel 1)

does not solve the problem of the elimination of the aliased tubewave.

This can be seen by comparing the Z,,peq(+TT) data in panel 5 of Figure 2.14 to the
Z,mea)(+ TT) data of panel 5 of Figure 2.15. The tubewave event has been better attenuated

using the F-K surgical muting processing shown in the IPP of Figure 2.14.

The results of wavefield separation of the tubewave contaminated Z(FRT) using the various
F-K filtering methods are shown in Figure 2.16. The tubewave contaminated Z(FRT) data
are shown in panel 1 (Fig. 2.16). The Z,(FRT) data shown in the remainder of the panels
of Figure 2.16 result from the median filter based wavefield separation method (panel 2), F-
K quadrant attenuation (panel 3), narrow F-K reject zone muting (panel 4), narrow F-K
accept filter muting (panel 5) and surgical F-K muting (panel 6). The IPP in Figure 2.16 has
been designed to enable the evaluation of the different types of F-K filtering wavefield
separation methods and the median filter method. The surgical muting method resulting in
the Z,(+TT) data in panel 6 is the optimum method to be used to enhance the interpretation
of the upgoing events. The upgoing events must still be interpreted bearing in mind the
tubewave event interference in the upgoing P-wave events. The surgical muting has
preserved the upgoing events and has successfully attenuated both the up- and downgoing

tubewave (aliased and non-aliased parts) during the wavefield separation procedure.
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2.2.4.4 F-K filtering in other wavefield separation methods

In section 2.2.2.3, the median filter based wavefield separation of the tubewave contaminated
Z(FRT) data was reviewed. In panels 6 and 7 of Figure 2.2, the Z,,(+TT) data resulting
from the use of the median filter are shown. Surgical F-K muting was applied to the
Z,,(FRT) following the median filter wavefield separation and these F-K filtered data are
shown in panel 8 of Figure 2.2. Figure 2.17 is the F-K plot of the resultant data. The
surgical mute used during the filtering was designed to attenuate the tubewave; however, the
muted zone of the F-K domain did not include the portion of the aliased tubewave which

intersected the upgoing P-wave F-K events.

This is an example of how the F-K filter surgical muting can be combined with other

wavefield separation methods.

2.2.4.5 F-K filtering using interactive screen processing

In this section, interactive screen processing will be shown for surgical mute processing in
the F-K domain. These examples will illustrate the single step interpretive processing. The
input data are shown on one of the bit planes of the interactive monitor display. A bit plane
is one of the screen displays within modern graphics systems that can be chosen for display
using mouse or keyboard commands. On another bit plane, the F-K domain plot of the input
data is displayed and mute zones are interactively chosen within the F-K plot. The result of

applying the F-K mutes to the input data is then displayed on yet another bit plane. By
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Figure 2.17 F-K plot of data resulting from the application of F-K surgical muting to the
median filter-based wavefield separation results (prefiltered data is shown in panel 6
of Figure 2.2). The depth-time equivalent of the displayed F-K data is shown in
panel 8 of Figure 2.2.
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comparing the input and F-K filtered data, the effect of the application of the surgical muting
on interpretation can be evaluated. Once any F-K filtering induced artifacts are minimized,
the current F-K mute parameters are then output for use in the wavefield separation

runstream.
The two examples will use interactive F-K filtering to:

(1) interpret up- and downgoing event content on Z(FRT) data; and

(2) enhance Z,,(FRT) data.

2.2.4.5.1 Using interactive F-K filtering to wavefield separate

The processing decisions used in the wavefield separation by interactive F-K processing are
shown in Flowchart 4. The Z(FRT) data of the near offset VSP survey of the Fort St. John
Graben case study (Hinds et al., 1991a; Hinds et al., 1993a and 1994b; Hinds et al., 1994c)
are shown in Figure 2.18. The F-K transformed plot of the same data is shown in Figure
2.19. A surgical F-K polygonal mute zone is designed using on-screen menu commands.
The designed mute zone is highlighted in red in Figure 2.19. The F-K data within the mute
zone can either be "rejected” (left out of the inverse F-K transformation) or "accepted" (the
F-K data outside of the polygonal mute zone is not used in the inverse transform). The
resultant Z ,(FRT) data that results from choosing the "rejection” mode is shown in Figure

2.20. The resultant data are plotted onto another bit-plane within the graphics system.
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FLOWCHART - Interactive F-K processing (for up- and downgoing event identification)

- display Z(FRT) data on screen 1

!

- Fourier transform Z(FRT) data into
the F-K domain
- display on screen 2

|

. - design surgical F-K mute of the
Figure 2.19 downgoing F-K events on screen 2 <

|

- apply surgical F-K mute to the

Figure 2.20 F-K dat.a and inverse transform
to obtain Z  (FRT).

- display Z , (FRT) on screen 3.

l

- compare Z(FRT) data on screen 1 with the Z, (FRT) data

Figure 2.18 on screen 3.
Figure 2.20 - are the upgoing events on screen 3 interpretable ?

Figure 2.18

Figure 2.19

YES

- output F-K surgical mute parameters (polygon corners)
for use in batch processing or retain the interactive
processing Z , (FRT) results for the IPP

Flowchart 4: An example of the interpretive processing flowchart
of the interactive F-K processing used for event identification

(Hinds et al., 1994c).
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Figure 2.18 Single operation interpretive processing initial screen display
showing the input Z(FRT) data of the Fort St. John Graben case
study (Hinds et al., 1993a). The objective of the interactive
processing (seen in Figs. 2.18 to 2.20) is to understand the different
types of up- and downgoing wave events within the data.
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Figure 2.19 F-K plot of the data shown in Figure 2.18. This is the next interactive
processing display following the screen presentation of Figure 2.18. A surgical mute

polygon is interactively designed and the F-K events within the polygon can either be
attenuated or preserved.
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Figure 2.20 The "results" interactive processing display following the muting (reject
filtering) of the F-K data inside the mute polygon shown in Figure 2.19. One can flip
between the screen images using a mouse-controlled menu to evaluate the application
of the polygon surgical mute. The upgoing P-wave and tubewave content of the

Z(FRT) data seen in the initial screen display (Fig. 2.18) can now be interpreted.
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Through the use of on-screen menu commands, the screen can alternatively display the
Z(FRT) shown in Figure 2.18 or the filtered data, Z,,(FRT), shown in Figure 2.20. The
interpretation of the upgoing events can be started using the Z,,(FRT) data. Moreover, by
changing the vertices of the polygon F-K mute within the F-K plot bit-plane display, the
effect of the mute design on the interpretation of the upgoing events can be determined. This
interactive processing begins to get the processor/interpreter familiar with the wavefield

content of the input Z(FRT) data.

2.2.4.5.2 The effect of changes in the F-K mute zones

In this section, the effect of the mute design on a particular segment of the VSP data is
examined through the use of F-K interactive processing. The processing decisions made
during this interactive F-K processing are shown in Flowchart 5. The example described
below encompasses the series of plots in Figures 2.21 to 2.25. The segment of the F-K
domain of concern is the aliased portion of the downgoing tubewave in the Fort St. John
Graben near offset Z,,(FRT) VSP data (Hinds et al., 1991a; Hinds et al., 1993a and 1994b;
Hinds et al., 1994c) which crosses the upgoing P-wave events within the F-K domain (as can

be seen in Fig. 2.9).

The input data to the interactive processing are the Z,(FRT) data resulting from the median
filter wavefield separation method (Fig. 2.21). The downgoing tubewave is still evident
within the data. The F-K representation of this data is shown in Figure 2.22. The up- and

downgoing tubewaves are within the first mute zone polygons outlined in red. The aliased
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FLOWCHART - Interactive F-K processing (for F-K mute zone design)

1 (Figure 2.21)

- display Z (FRT) data from the median filter and
subtraction wavefield separation method on screen

- F-K transform the Z,,I,(FRT) data and display on
screen 2 (Figure 2.22)

¥\

- design surgical F-K mute zones on the
up- and downgoing aliased and non-
aliased tubewave F-K events (ALLOW
the muting of the upgoing P-wave F-K
events that are intersected by the aliased
upgoing tubewave F-K events): mute A

- apply mute A to the input data

- display the filtered data on screen 3
(Figure 2.23)

- design surgical F-K mute zones on the
up- and downgoing aliased and non-
aliased tubewave F-K events (DO NOT
ALLOW the muting of the upgoing P-wave
F-K events that are intersected by the aliased
upgoing tubewave F-K events): mute B

- apply mute B to the input data

- display the filtered data on screen 4
(Figure 2.25)

I

I

NO < data on screen 4

mute A ?

- compare the Z, (FRT) data on screen 3 with the Z (FRT)

- does the interpretation suffer because of the omission of
the upgoing P-wave events attenuated through the use of

—p YES

- output mute A parameters

- output mute B parameters

!

- use the chosen F-K surgical mute parameters in batch
processing or use the interactive results to refine the
Z,, data in the F-K wavefield separation IPP

Flowchart 5. An example of the interpretive processing flowchart
of the interactive F-K processing used for the attenuation
of tubewave events on Z,(FRT) data (Hinds et al., 1994c).

92



=
=
e

RETORIA
TORIA
ETORIA

DEPTH (m)

330 530 730 930 1130 1330 1530 1730 2010

|[: 1t!. ! T ?! “ | H||H[1| Il ;:- nil“ ]‘1'1':, l“";i,lll?
f!. L [;[nfl g ;",L,E'l\.*!glf Ul
T T
G
s A
e o MR

eﬁ‘f‘f*ﬁ 2*“‘: e e N
é 'ﬁ"vf""'(“z 1) . r.g’;‘.;._ |

‘\s koI

1“ ,\1‘! .}.33 5’-

;" ﬁ:ﬂ 1’
qﬁﬁ L#_l-_-

-—q

e 1.\ i LI
I ' {2, SN e
.‘ Ry T S e
_q. Ik X ) '1 s A X
1!- g .1'.‘..‘" i
ri e s w il : .
' _‘( b e

e - “_; 3

-1.'-&

SOy

| P " ,‘ = T ‘- r " LI
bi—'é .*-_‘ 4«'1 ‘!:13%: in.a 1-9,_‘) “'-"2 """- ’. “ g

' ;4;,: %%ﬁ%ﬁﬁ

if’:‘w ‘- _ ;; Ry “v'}“. ,l
_L!_.:; 1-.- 4 - WP "H' : m

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

(S) INILT3AVHL

Figure 2.21 The Fort St. John Graben Z,,(FRT) data (Hinds et al., 1993a) resulting from
median filter-based wavefield separation (plus subtraction). The downgoing tubewave
aliased back into the data as an upgoing event. A question that the single operation
interactive processing can answer is "how does one design the surgical F-K mute for
the attenuation of the tubewave events and what effects, if any, does the design have

on the upgoing P-wave events ?".
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Figure 2.22 F-K plot of the data shown in Figure 2.19 illustrating the surgical mute reject
polygons enveloping both the up- and downgoing F-K events (aliased and non-aliased
portions included). The polygon in the negative K quadrant intersects the upgoing P-

wave F-K events.
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part of the downgoing tubewave events in the F-K domain crosses the upgoing P-wave events

at approximately -1250 (10 m™) on the wavenumber axis and 55 Hz on the frequency axis.

How can the surgical mute F-K polygon be best designed to attenuate this tubewave? The
designed F-K surgical mute polygons shown in Figure 2.22 also intersect some of the
upgoing P-wave F-K events. Muting the F-K data within these reject zones would eliminate
any upgoing P-wave events within the same zones. Would the application of the F-K
polygon mutes adversely affect the interpretation of the upgoing P-waves in the depth-time
domain? The application of the F-K reject mode of the polygons results in the Z,,(FRT)
data shown in Figure 2.23. The downgoing and aliased tubewave events have been

attenuated.

By returning to the F-K plot of the original data (Fig. 2.22) and redefining the F-K mute
zone to not intersect the upgoing P-wave data, the effect on the interpretation on the upgoing
P-wave data by the previous F-K filtering (Figs. 2.22 and 2.23) can be ascertained. The
surgical mute polygons are updated to be the same as the design shown in Figure 2.22 except
that the portion of the tubewave F-K event intersecting the upgoing F-K P-wave events are
not attenuated (Fig. 2.24). This new set of surgical mutes yields the results shown in Figure
2.25. The results in Figures 2.23 and 2.25 can be compared to evaluate the effect of muting
the upgoing event F-K data that lie in the 50-60 Hz range of the F-K domain during the
effort to attenuate all of the tubewave events. The upgoing events in Figures 2.23 and 2.25
are similar and the interpretation of the upgoing events will not be degraded by using the F-K
mute shown in Figure 2.22. The F-K procedures shown using Figures 2.18 through to 2.25

is another type of interpretive processing that the "interpreter/processor” can use.
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Figure 2.23 The filtered output of the data in Figure 2.21 following the application of the
F-K polygon surgical mutes shown in Figure 2.22. The aliased and non-aliased
portions of the tubewave events have been attenuated. The next question is "what
effect would the application of F-K mute polygons which do not intersect the upgoing

F-K events have on the filtered output?”.
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Figure 2.24 F-K plot of the data shown in Figure 2.21 illustrating the surgical mute reject
polygons enveloping both the up- and downgoing tubewave F-K events (aliased and
non-aliased portions included), however, excluding the muting of any upgoing P-wave

F-K events.

97



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
@ VYUNIBESITHI YA PRETORIA

DEPTH (m)
330 530 730 930 1130 1330 1530 1730 2010

e 9?‘ ;',-.' b . prdeanssforatondan P Su it 33 |
Y ety Y : i
! wertiaasd gyl

ir W’“ "‘!pip— S9N i B

s P
' bt l,»" i'
I | :rﬂ .D'lﬂ":‘r’;t

f"l'n
".'D‘p":b 44 }l'l: ek

) =
"5!.?1:33 - J:, »?“.-I

() INILTIAVHL

, 1 4 ! a Al

* L x » TR - 3 s> P .

{1 ."U_' T LA ; .-F’..lwf.:fu?’}.:' A1l u ; ”,,l)’

lli‘”'}p. Tehe et -'%w,.r' 2F !»’ n-r L» N idd
IO et o dera L TN s et I v'”l'l“{")“i.ri“-f’ ,uu Iy 1 2

e ! P !
i ! R ’ pa »
"’-Tf” e :. ’IF"’-.'

" - » I bli '; "oy
A T e i) Pomt m byt Pn
_| r’ 3}5‘-’* ; .'-..’.. LN "‘:_f” Plﬂ::’,r l”‘:"? :” ) ’i TH l‘ ﬁ"‘f‘ ﬁ.-l"' o

. DAY g 2ot 1T » % .h’_ » ’j-"';"“a“"f:.

2=, pabe ﬁf-'“' g 2l b P P2 502 m' AL AR IR e

b » o o i ol | e » rh » P s LT et ,

w *..:}*T ."- -, r'---’*'%-ﬂ>'::-f'---‘*~'L:- S S L 1.
v 5 ,'._ ;}h""" b :' » My, M’H' ] AR il

N TR S SRR 3
- ..

b ] B .,
R S ST AT Ve b ey

Figure 2.25 The filtered output of the data in Figure 2.21 after the application of the
polygon surgical mutes shown in the F-K plot of Figure 2.24. A minor amount of

the aliased downgoing tubewave event has been retained in the filtered output.

98



-
- v

ﬂ UNIVERSITEIT VAN PRETORIA
0 UNIVERSITY OF PRETORIA
4

YUNIBESITHI YA PRETORIA

2.2.5 7-P filtering

In this section, the use of the 7-P or Radon transform (Robinson, 1983; Deans, 1983;
Durrani and Bisset, 1984; Turner, 1990, Hu and McMechan, 1987, Moon et al., 1986)

within wavefield separation processing will be discussed.

Four routes will be examined in which the 7-P transform is used in wavefield separation.

The routes are summarized in Flowchart 6 and consist of (Hinds et al., 1994c)

(1) Route A: 7-P transform the Z(FRT) data with upgoing event slownesses (P is the inverse

of velocity), inverse 7-P transform to output Z.,(FRT) data;

(2) Route B: 7-P transform the Z(FRT) data with downgoing event slownesses, inverse 7-P

transform to output Z,,,.(FRT) data, subtract the Z,, ., (FRT) from the Z(FRT) data to

down

output the Z, (FRT) data;

(3) Route C: 7-P transform the Z(FRT) data with upgoing event slownesses, inverse 7-P
transform using a depth interval parameter of half the original depth spacing to spatially

interpolate the Z,,(FRT) data; and

(4) Route D: 7-P transform the Z(FRT) over both up- and downgoing event slownesses,

inverse 7-P transform using half the original depth increment, wavefield separate the
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ROUTE A
Z(FRT)

¢ normalize data

- determine P range of
upgoing events

-t-P transform the data
within this P range

-inverse 1-P transform

'

Z,,(FRT)

Time intercept - slowness (t-P) VSP wavefield separation flowcharts

ROUTE B
Z(FRT)

¢ normalize data

—  Z(FRT)

¢

ROUTE C

Z(FRT)

normalize data ¢

ROUTE D

Z(FRT)

¢ normalize data

ROUTE E

- determine P range of the
downgoing events

-1-P transform the data
within this P range

-inverse t-P transform

- determine P range of upgoing
events

-1-P transform the data within
this P range

- inverse 1-P transform and
simultaneously perform depth
interpolation (use 1/2 Az of
original forward transform)

-determine P range of both up-
and downgoing events
-t-P transform the data within
this P range
- inverse t-P transform and
simultaneously perform depth
interpolation (use 1/2 Az of
original forward transform)

'

Z,..(FRT)

'

- ©
'

Z,,(FRT)

'

Z e (FRT)

Flowchart 6: Example interpretive processing flowcharts using the t-P transform.
Route E (2) uses data that undergo the transform of x-z to 7-P and then from

1-P to &-P using the Fourier transform on the T variable (Hinds et al., 1994c).
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Z ooy (FRT) data using median filter based wavefield separation to output

Zoopiotery(FRT) data.

The 7-P transform based wavefield separation routes will be applied to both the multiple
contaminated and tubewave contaminated Z(FRT) data used in the previous sections. The
multiple contaminated data will be used to illustrate the route A processing since Rieber
mixing may occur using this processing flow. The preservation of the lateral extent of the
multiple events in the Z,,(FRT) data will be examined. ~The three other routes of 7-P
processing will use the tubewave contaminated Z(FRT) data. The tubewave events in these
data are spatially aliased and the effect of the processing schemes on the spatially aliased

tubewave will be examined.

2.2.5.1 Review of 7-P filtering

A conceptual explanation of the 7-P transform is illustrated in Figure 2.26 (Hardage, 1992;
Fig. 136). The 7 variable refers to the time intercept of the lines of integration in the time-
depth (or time-offset for CDP gathers) domain. The P variable refers to the slowness
(inverse of velocity) values associated with the lines of integration. In Figure 2.26A, two
lines with different slopes are shown intersecting the example time-depth data point.
Integration of the time-depth data along each line, t=p,x+7, and t=p,x+7,, would yield two
values in the 7-P domain as seen in the lower half of Figure 2.26A. The different slopes of

the lines refer to different P or slowness values.
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Figure 2.26 The concept of the forward and reverse 1—P transform. The forward transform
(Part A) maps a line into a point and the reverse transform (Part B) maps a line in
7—P domain back to a point in the time-offset (depth) domain (from Hardage, 1985).
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To perform the inverse 7-P transform (Kappus et al., 1990), the same procedure is done
within the 7-P domain. As shown in the top part of Figure 2.26B, three lines of integration
through a single point in the 7-P domain results in the values for three points along a straight

line in the time-depth domain.

Whereas the F-K transform mapped a line in the time-depth domain into a line intersecting
the origin of the F-K domain, the 7-P transform maps a line in the time-depth domain into
a point in the 7-P domain. The two transforms are linked through the P or inverse velocity
parameter. The Rieber mixing present in the F-K filtering exists in 7-P filtering since the

7-P filtering is based on velocity.

For surface seismic data, the hyperbolic-shaped reflection events on a common depth point
(CDP) gather map into ellipses in the 7-P domain (Stoffa et al., 1981). The CDP gather can
be transferred into the X*-T? domain and 7-P transformed to enable multiple attenuation in
the surface seismic data. Following interpolation in the X*>-T? domain, the hyperbolic
reflection events of the X-T data become linear events in the X>-T? domain and subsequently
"points” in the 7-P domain. The points are smeared due to truncation effects resulting from
the transform of finite events (the offset range is not infinite) and the representation of the
events with near-zero spatial frequencies (near-offset events at the apex of the reflection
hyperbolas). Muting in the 7-P domain results in multiple attenuation (Hinds and Durrheim,

1993 and 1994).

Instead of the hyperbolic events seen in the CDP gather of surface seismic data, the depth-

time events of the Z(FRT) data are linear. The purpose of the X*>-T? processing of the CDP
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gathers in Hinds and Durrheim (1993, 1994) was to transform the hyperbolic events into
linear events. Similarly to that work, the VSP linear events will be transformed into "points”
following the 7-P transformation. The up- and the downgoing VSP events will map into
different quadrants of the 7-P domain because the events have oppositely signed apparent
velocities. Wavefield separation can then be realized through the attenuation of the amplitude
data in the 7-P domain containing the downgoing events (Hardage, 1992; Hu and McMechan,

1987).
2.2.5.2 Route A: 7-P transformation of only the upgoing events

Rieber mixing may become a factor in 7-P wavefield separation due to the equivalence of the
slowness range and F-K narrow pie-slices. To illustrate this, the multiple contaminated
Z(FRT) data from the Fort St. John Graben case study (Hinds et al., 1991a; Hinds et al.,
1993a; Hinds et al., 1994c) will be used in the Route A processing. The effect of the 7-P
filtering will be shown in the F-K domain to illustrate the equivalence of the two methods,

7-P and F-K.

The 7-P wavefield separation IPP for Route A is shown in Figure 2.27. The processing
runstream for the Route A 7-P processing is shown in Flowchart 6A. The input data to the
forward 7-P transform is limited to be the VSP data with velocities similar to the upgoing

events.

The normalized and gained Z(FRT) data are shown in panels 1 and 2, respectively, of Figure

2.27. The Z,,(FRT) data shown in panel 3 was a result of the inverse 7-P transformation
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of the isolated upgoing events from the forward 7-P transform of the Z(FRT) data. The
forward 7-P transform of the Z(FRT) data did not include the slowness values of the

downgoing VSP events.

The slowness range in the forward 7-P transformation of the Z(FRT) data were from near-
zero (about 24,000 m/s) to -0.0000035 s/m (-2400 m/s). The F-K plot of the Z,(FRT) data
from panel 3 of Figure 2.27 is shown in Figure 2.28. The two slowness values define linear

cut-offs in F-K space filtering.

The Z,,(FRT) in panel 3 can be compared to the FK filtered Z,,(FRT) data in panel 5 of
Figure 2.7. The upgoing event data in panel 5 of Figure 2.7 was isolated from the Z(FRT)
data using the narrow "accept” zone seen in Figure 2.12. The equivalent "accept” zone used
in the 7-P processing is larger than the zone used for the F-K wavefield separation. As a
result, the Z,,(FRT) data shown in panels 3,4, and 5 of Figure 2.27 exhibit a lesser degree

of Rieber mixing than similar data seen in Figure 2.7.

The two IPP panels (Figs. 2.7 and 2.27) are opposite in polarity. In panels 4 and 5 of
Figure 2.27, the highlighted (in orange) isolated trough at 0.755 s appearing on the depth
traces between 1270 m and the first break curve is the primary event that is embedded within
the series of multiples. The same primary upgoing event appears as a peak (highlighted in
blue) in panel 5 of Figure 2.7; however, the trace to trace amplitude contrasts in Figure 2.7

have been smeared by Rieber mixing.
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Figure 2.28 The equivalent F-K surgical mute pass zone to the 7-P filter used to create the
resultant data in panel 3 of Figure 2.27. This can be compared to the F-K narrow

pass zone shown in Figure 2.12.
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2.2.5.3 Route B: Subtraction of Z,,,,(FRT) from the Z(FRT) data

In this section, the downgoing events are isolated from the Z(FRT) data using the 7-P
transform. The Z, . (FRT) data are then subtracted from the Z(FRT) data to yield the

Z,,(FRT) results.

The wavefield separation IPP for this approach using the tubewave contaminated Z(FRT) data
example is shown in Figure 2.29. The Z,,,,(FRT) data, shown in panel 3, are isolated using
7-P filtering and following scaling, the data are subtracted from the Z(FRT) data (shown in
panel 2 of Fig. 2.29) to output the separated upgoing event data, Z,(FRT), shown in panel
4. This is similar to the results obtained using the median filter based wavefield separation
method shown in Figure 2.2. The aliased downgoing tubewave (appearing as upgoing events
and highlighted in panel 4) have not been attenuated. This processing route avoids possible
Rieber mixing because the action of the 7-P filter is now similar to the use of a narrow

"reject” F-K filter to attenuate the upgoing events.

2.2.5.4 Route C: 7-P spatial interpolation during wavefield separation

In this section, the upgoing events are separated from the Z(FRT) data during the
transformation to the 7-P domain by using selected slownesses. Trace depth interpolation to

a finer depth sampling is performed during the inverse transform. The effect that the spatial

interpolation has on the inverse 7-P transformed aliased tubewave will be examined.
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Figure 2.30 shows the F-K plot of the tubewave contaminated Z(FRT). The downgoing P-
wave events are shown in the negative k, quadrant because the Z(FRT) data came from an
early stage of preprocessing. The depth interval for the traces is 30 m and the downgoing
tubewave aliases back into the upgoing events. The centre of the intersection is about at 37
Hz and 833 (*10°) m on the k, axis. The intersection of the aliased downgoing tubewave

with the upgoing P-wave F-K events is highlighted in Figure 2.30 at the cursor location.

The Z(FRT) data are forward 7-P transformed using the slowness range of the upgoing
events only. The aliased downgoing tubewave F-K events will also be "retained” during the
forward transformation since these events appear in the same slowness range as the upgoing
P-wave events due to aliasing. During the inverse transform, the trace spacing sampling
interval is redefined to be 15 m. The Z gy (FRT) data at the interpolated trace spacing
of 15 m are displayed in panel 2 of Figure 2.31. The aliased downgoing tubewave events

preserved during the inverse 7-P transformation are highlighted in panel 2.

The interpolation performed during the inverse 7-P transform has faithfully interpolated even
the aliased tubewave (as is shown in the Z ¢y (FRT) F-K plot in Fig. 2.32). The upgoing
F-K events are shown in the negative F-K quadrant of Figure 2.32. The intersection of the
interpolated aliased tubewave with the interpolated upgoing F-K events is still at 37 Hz and
at 833 (*10°) m'! This is the same location as the tubewave event intersection with the
upgoing events in the F-K domain before interpolation. The major change in the F-K plot

is that the K, Nyquist values have doubled in size from 1666 to 3333 *10° m™.

Do the Z,(FRT) data look markedly different without the interpolation? To answer this, the
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Figure 2.30 F-K plot of the tubewave contaminated data showing the aliased tubewave F-K
event intersecting (at the crossing of the red lines) the upgoing P-wave F-K event at

0.00833 m™ spatial frequency (K) and 37 hz.
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Figure 2.32 F-K plot of the interpolated tubewave contaminated Zy¢erp, (FRT) data where

the aliased tubewave F-K event intersects the upgoing P-wave F-K event at 0.00833

m™ spatial frequency (K) and 37 hz. The range of the wavenumber (K) axis has

doubled in value (due to the 15 m trace spacing), however, the intersection of the

aliased tubewave and upgoing P-wave F-K events remains the same as in Figure 2.30.
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tube wave contaminated Z(FRT) was wavefield separated using the 7-P filtering but without
trace interpolation. The resultant Z, (+TT) data are shown in the IPP of Figure 2.33. By

inspection, it is evident that the Z ,(+TT) interpolated data in panel 4 of Figure 2.31

up(interp

is similar to the non-interpolated Z,,(+TT) data in panel 4 of Figure 2.33.

2.2.5.5 Route D: 7-P spatial interpolation of Z(FRT) before wavefield separation

In this section, both the up- and downgoing events of the Z(FRT) data are preserved during
the forward 7-P transform. Spatial interpolation is performed during the inverse transform
and wavefield separation is then performed using median filtering on the Z gy, (FRT) data.
This procedure would be useful when processing a dataset which had irregular depth spacing
and required interpolation. Although the tubewave contaminated Z(FRT) data do have
regular spacing, the IPP is presented showing median filter wavefield separation using 7-P

trace interpolated data.

The spatially interpolated data are shown in panel 1 of Figure 2.34. The results of using the
Z 1.y (FRT) data in a median filter based wavefield separation procedure method are shown
in panels 2, 3, 4 and 5. In panel 5, the Z,Guiery)(-TT) data with 15 m depth spacing are
shown. The Zyquerpy(+TT) and Z,,guerpimea(+TT) data are shown in panels 6 and 7,

respectively.

114



CIl

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qo VYUNIBESITHI YA PRETORIA

y ;\’I‘l?

l
gl ‘A\«%ﬁ« \2"\\‘

=
N

N
T T

v«r/(‘\\ 'fsagfﬁ\(d

//4 “\

(/( /‘ («
S «{\ﬁ

}3( \\

' AR ’ '9/4' » % («((
il {é?iigz’éiﬁga “;’*Eﬁg‘{ - o g::iki?’?%"‘%’??}%*““i e i
X ‘Q‘ {6ty ‘t i ltg\ ; u. ;«
32&: i ‘éﬁi‘iﬁ,ss <~§f133jm f.fﬁsti&i{‘ﬁ’ - A JESasom 0 T S el
) @R @ zu.,amn B) Zy(+TT) @ zu.,(+ TT)
7-P based median filtered

Figure 2.33 7-P based wavefield separation IPP of the tubewave contaminated data using 7-

P upgoing wave isolation (filtering out P values outside the range of the upgoing P-
wave events).
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Figure 2.34A  Panels 1 to 4 of the 7-P based wavefield separation IPP using the interpolated
Z(FRT) tubewave contaminated data.
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The F-K plot of the interpolated Zg,,.,(FRT) data is shown in Figure 2.35. The
interpolation method used on the Z(FRT) data was a two-part operation where the up- and
the downgoing waves were separated, interpolated and merged to create the Z gpiery)(FRT)
data. This procedure is equivalent to imposing cutoff slownesses for both the up- and
downgoing wavefields during the forward 7-P transformations. This translates into the two

"accept” F-K zones as is shown in Figure 2.35.

2.2.5.6 Future directions for 7-P filtering in wavefield separation

The 7-P filtering and IPP’s shown in sections 2.2.5.2 to 2.2.5.5 have attempted to familiarize
the reader with the many roles that the 7-P filtering can play within wavefield separation.
When interactive 7-P muting has become a common processing tool, then interactive
interpretive processing can be routinely performed to assist in the examination and
elimination of multiple reflections (Hu and McMechan, 1987). If we are limited to slowness
filtering (specifying slowness cutoffs during the forward 7-P transformation), then the method

will suffer the same limitations as in pie-slice F-K filtering.

The 7-P data can be transformed into the frequency-P domain. In this domain, the tubewave
events can easily be muted using interactive processing (Hu and McMechan, 1987). The
mute parameters are then used in the processing runstream and used in a combined 7-P and

frequency-P IPP.
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Figure 2.35 F-K plot of the interpolated Z(FRT) data shown in panel 1 of Figure 2.34.
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2.2.6 VSP deconvolution and corridor stacks

The procedure of VSP or "up over down" deconvolution (Hubbard, 1979; Gaiser et al.,
1984) was introduced in chapter 1. The term "up over down" refers to the computational
procedure of the temporal frequency spectrum of Z,,(-TT) data being divided by the temporal
frequency spectrum of Z,,_,.(-TT) data to perform the deconvolution in the Fourier domain.
If the spectrum of Z,, . (-TT) is divided by itself (in the band limited sense), this would result

in a zero phase band-limited "multiple free" delta function (Gaiser et al., 1984).

For interpretive processing, the following questions are posed:
(1) are the multiples attenuated ?

(2) are the underlying primary events preserved ?

(3) has the deconvolution processing added unwanted noise ? and

(4) what are the origins of the multiple events ?
In this section, the following IPP’s are developed

(1) deconvolution IPP: the Z,,(+TT) and Z,,gecon(+ TT) can be compared directly to

evaluate the effect of the deconvolution process on the upgoing events;
(2) Z,,(+TT) data inside and outside corridor stacks: the Z,,(+TT), inside and outside

corridor stacks and the muted data that go into the stacks can be compared to facilitate

multiple identification; and
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(3) Z,p@econy(+ TT) data inside and outside corridor stacks: the deconvolved data and the
corridor stacks can be used to evaluate the effect of the deconvolution on multiple

suppression.
2.2.6.1 Deconvolution IPP

A VSP deconvolution IPP is presented in Figure 2.36 using the Fort St. John Graben case
study near offset data (Hinds et al., 1991a; Hinds et al., 1993a and 1994b; Hinds et al.,
1994c). Panels 1 and 2 are the Z,,(+TT) and Z,,pq)(+TT) data, respectively. These
nondeconvolved data clearly show the multiples (highlighted in yellow on panels 1 and 2) and
will be compared to the deconvolved +TT data. The Z,,,,(-TT) data in panel 3 shows the
downgoing event multiple pattern (all of the downgoing events recorded after the arrival of
the first break wavelet). To evaluate any increases in the background noise level due to the
deconvolution process, the Z,,(-TT) and Z,ge,r(-TT) data are shown in panels 4 and 5 (Fig.

2.36) can be compared. The Z,,gecon(+ TT) and Z mea)(+ TT) data are shown in panels

up(decon;

6 and 7.

The first step in the interpretive processing procedure is the detailed interpretation of similar
events in panels 2 and 7. A highlighted (in orange) primary event (peak) at 0.595 s (+TT)
in panel 2 is severely interfered with by the series of multiple events associated with Spirit
River event. The primary event is preserved and continuous across the entire suite of traces

in panels 6 and 7.
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2.2.6.2 Corridor stack IPP’s

A more detailed investigation into the success of the VSP deconvolution process can be
achieved using the corridor stack IPP. The basic premise behind the use of the inside and
outside corridor stacks is shown in Figure 2.37 (Hinds et al., 1989a). The time delays
between a primary event and associated upgoing multiples are key factors in the
interpretation panels designed to facilitate the identification of multiples in the Z,,(+TT)

data.

Interpreted primary upgoing events intersect the first break curve. Upgoing multiples are
recorded later in time at sonde locations above the bottom generating interface due to the
added traveltime delay present in the surface generated or interbed multiples. In the
Z.,(+TT) data (Fig. 2.37), the multiple of a primary reflection is interpreted later in time
than the primary event. The upgoing multiple is recorded on the data traces of the shallowest

depth down to the depth of the bottom generating interface.

A data corridor of multiple-free upgoing event data will exist immediately in the area of the
first break curve of the Z,,(+TT) data since the upgoing multiples do not intersect the first
break curve. Primary events will dominate a horizontal sum of the "outside corridor” of
Z,,(+TT) data (Fig. 2.37). If a horizontal sum is performed between the corridor line in
the opposite direction from the first break curve ("inside corridor"), both multiples and
primary events (if not destructively interfered with by multiples generated at shallower

interfaces) will be part of the inside corridor sum (Fig. 2.37).
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Figure 2.37 The schematic definition of the outside and inside
corridor stack. The depth/(+TT) traveltime plot shows
the downgoing primary (D-P), upgoing primary (Up-P),
and upgoing multiple (Up-M) events with corresponding
raypaths shown to the right of the traveltime plot. In the
inside corridor, both the primary and multiple upgoing
events are retained. For the outside corridor stack, only
the primary event (Up-P) is seen after horizontally
summing the events in the outside corridor. (after Hinds
et al., 1989a).
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To locate the interbed multiple generating interfaces, the up- and downgoing multiple pattern
will reveal the top and bottom generating interfaces, respectively. The downgoing waves in
(-TT) time will show the top generating interface and the upgoing waves in (+ TT) time
reveal the bottom generating interface. This is illustrated in Figure 2.38. The simplistic
Z40un(-TT) and Z,,(+TT) diagrams in Figure 2.38B and C illustrate the location of the up-
and downgoing primary and multiple events. The two data panels can be used to determine

the origin of the multiple events.

The corridor stack IPP consists of (Hinds et al., 1989a; Hinds et al., 1994c):
(1) input Z,,(+TT) data;
(2) muted Z,(+TT) before the horizontal summations are performed;

(3) inside and outside corridor stacks.
2.2.6.3 Z,(+TT) Corridor stack IPP

The corridor stack IPP for the Z,(+TT) data is shown in Figure 2.39. Near offset
Z.,(+TT) data for the Fort St. John Graben case study (Hinds et al., 1991a; Hinds et al.,
1993a; Hihds et al., 1994c) are displayed in panel 1. Two sets of multiple events are
highlighted in red. This interpretation is carried over to the muted Z,,(+TT) data in panel

2. This panel contains the data that will go into the inside corridor sum (panel 3).
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Figure 2.38 Ray and depth/time plots, Z,,,.(-TT) and Z,+TT),
showing the top and bottom generating interfaces for
interbed multiples (modified from Hinds et al., 1989a).
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It was stated above that the inside corridor sum will contain multiples and primaries. To see
this, the outside corridor sum data in panel 4 are placed next to the inside corridor sum data
in panel 3. The multiple events highlighted in red in panel 3 do not appear in the outside
corridor stack of panel 4; however, the primary events (shown in yellow) are common to

both corridor stack data in panels 3 and 4.

The outside corridqr mute data shown in panel 5 contains only primary events (highlighted
in yellow at 0.6 s, 0.9-1.0 s, 1.1-1.2 s and at 1.25 s). The events below 1.3 s cannot be
interpreted to be either multiple or primaries as there is no longer a first break curve at those
recording times. The data in panels 3 and 4 in Figure 2.39 can be used to reliably interpret

the multiple and primary event content of the Z,(+TT) data.

2.2.6.4 Z,,4econ(+ TT) Corridor stack IPP

The effect of VSP deconvolution processing on Zup(+TT) data can be determined by
interpreting a corridor stack IPP that uses the Z,,gecon(+TT) as input. Ideally, the data in
both the inside and outside corridor stacks of the Z,gecon(+ TT) data should be multiple free
if the deconvolution was successful. These stacks can be compared with the Z,(+TT)
outside corridor stacks of Figure 2.39 to interpret the introduction of any deconvolution-

generated noise to the data.

In Figure 2.40, the corridor stack IPP for Z e (+TT) data is presented. The corridor

stacks (panels 3 and 4) differ where the deconvolution could not totally attenuate the
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Figure 2.40 Corridor stack IPP of the Fort. St. John Graben Zgecon(+TT) data (Hinds
et al., 1993a). Residual multiple events are present on the corridor stacks; such as
the peak at 0.74 s on panel 3.
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multiples on the shallow traces. These remnant multiple events have been highlighted (in
blue) on all of the panels of Figure 2.40. A prominent primary highlighted on Figure 2.40
has been enhanced by the deconvolution at 1.05 s. On Figure 2.39, the same highlighted
primary event (highlighted in blue) can only be detected at 1.05 s on the 1270 m trace and
out to the first break curve. The remainder of the primary event at 1.05 s in Figure 2.39 is
destructively interfered with by an upgoing multiple event (coloured red) occurring at the

same time.

The outside corridor stack for the Z,,(+TT) and Z ,,gecon(+ TT) data are similar indicating
that the deconvolution process did not add appreciable amounts of deconvolution noise within
the outside data corridors. The Z,,geon(+TT) inside corridor stack is different from the
outside corridor stack of the same data between 1.2 to 1.3 s. This appears to be caused by
a failure of the deconvolution on the shallow traces between those times; however, the
interpretation of the near offset data proceeded using the remainder of the deconvolved traces

between 1.2 to 1.3 s (traces deeper than 1210 m).

The use of the corridor stack IPP does not end there. In a production processing run, one
would take the two IPP paper displays and fold them both in between panels 3 and 4. These
are overlain onto the surface seismic section with the same time scale. A comparison
between the VSP corridor stacks and surface seismic events can assist in interpreting where
the CDP stacking method has not attenuated the multiples. Later in the chapter, the inside
and outside corridor stacks will be used as part of the integrated interpretation display (I1ID)

which will bring together a variety of exploration data.
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2.3 Far offset data processing IPP’s

In this section, the far offset processing will be reviewed and case studies showing the use
of interpretive processing within far offset processing will be illustrated. The "normal” far

offset processing will consist of

(1) polarization of the X(FRT) and Y(FRT) data into HMAX(FRT) and HMIN(FRT) data:
the HMAX(FRT) data is the projection of the X(FRT) and Y(FRT) data into a plane

defined by the well and the source location;

(2) polarization of the HMAX(FRT) and Z(FRT) data into HMAX’(FRT) and Z’(FRT)
data: the HMAX’(FRT) data will be polarized in the direction of source and the Z’(FRT)

data will be orthogonally polarized to HMAX’(FRT);

(3) wavefield separation of the Z’(FRT) and HMAX’(FRT) data into Z’,,(FRT) and

HMAX’ (FRT) data;

(4) wavefield separation of the HMAX’(FRT) data into HMAX’,,,.(FRT) data: this will be

used to deconvolve the final output, Z",,(FRT) into Z" ,gecon(FRT);

(5) derotation (Hinds et al., 1989a) of the Z’ ,(FRT) and HMAX’(FRT) data into

Zup(del’ot)(FRT) and HMAXllp(del’ot)(FRT) data;

(6) time-variant polarization of the Z (FRT) and HMAX,, 4ero (FRT) data into

up(derot)
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7" (FRT) and HMAX"  (FRT) data;

(7) VSP-CDP or migration of the Z",(+TT) data into the +TT versus offset from the well

domain.

In the interpretation of the far offset IPP’s, a number of crucial observations are being made.

Some of the questions are:

(1) do the X, Y, and Z data obey the assumptions behind the time invariant polarizations
reviewed in chapter 1 (section 1.4.3) ?

(2) what are the origins of noise seen on the data ?

(3) how is the noise being propagated onto the output data panels following each processing
stage ?

(4) what is the multiple event content in the VSP-CDP or migrated data ?

(5) do the multiples in the VSP-CDP or migrated data interfere with the interpretation of
primary events ? |

(6) Can the primary and multiple events be differentiated since reflectors imaged away from

the well may not intersect the first break curve ?

These questions will be posed again and again during the interpretive processing of the far
offset IPP’s. The partitioning of the energy of the various wavefields onto the polarization
axis and time-variant "axis" will be illustrated using the far offset data contained in Chapter

4 (Ricinus carbonate reef case study; Hinds et al., 1989a; Hinds et al., 1993c; Hinds et al.,
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1994c), Chapter 5 (Fort St. John Graben case study; Hinds et al., 1991a; Hinds et al., 1993a
and 1994b; Hinds et al. 1994b) and Chapter 6 (Simonette carbonate reef case study; Hinds
et al., 1991b; Hinds et al., 1993b and 1994c). The success and failures of far offset

deconvolutions will be illustrated using Chapter 4 and 6 data.

A review of the Ricinus carbonate reef case study polarization IPP’s will show:

(1) the results after using "normal" processing runstreams (see section 2.1);

(2) an analysis of the noise on the polarized results; and

(3) the modification of the processing runstream to enhance the interpretation of the

Z",(+TT) data.

2.3.1 Time invariant polarization: isolation of the downgoing P-wave

In this section, the Z(FRT), X(FRT) and Y(FRT) data are polarized to isolate the downgoing
P-wave events onto a single data panel, HMAX’(FRT). The orthogonal data projection,
Z’(FRT), was considered in the past to contain predominantly upgoing P-wave events.
Interpretation would be performed on the wavefield separated Z’,,(+TT) data and on the
VSP-CDP transformed upgoing events. In the next section, time variant polarization will be

used to isolate the upgoing P-wave events onto a single output panel, Z",,(+TT).

The polarization analysis presented in this section use hodogram derived rotation angles
derived in a time invariant sense. The hodogram analysis is performed on a single window

of data around the first breaks of the two input VSP data to yield a single polarization angle.
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In the next section, the polarization angle for a pair of input traces is allowed to vary in time

along the traces.

In Figure 2.41, the time invariant polarization IPP for the far offset data (700 m offset source
location; source location in a direction of 307° from the well) of the Fort St. John Graben
case study (Chapter 5) is shown. For reference within this chapter and chapter 5, the dataset

will be referred to as the FSJG1 data.

The X(FRT), Y(FRT), and Z(FRT) data are shown in panels 1, 2, and 3, respectively. The
downgoing P-wave events in the Z(FRT) data of panel 3 are highlighted in yellow. In
comparison to the panels 1 and 2, the Z(FRT) data contain the majority of the downgoing

P-wave events.

Primary downgoing P-wave energy is divided in varying amounts on the X(FRT) and
Y(FRT) data shown in panels 1 and 2 (highlighted in yellow) indicating that the geophone
sonde was rotating within the borehole during the acquisition of the data. However, the first
break wavelet on the two panels show the most consistency for the bottom two-thirds of the

borehole indicating that the sonde was rotating slowly during the acquisition at those depths.

The Z(FRT) data shown in panel 3 contains a diffraction event (highlighted in purple) in the
lower left hand corner of the panel. This diffraction will be unfortunately partitioned onto
all of the output data panels (see highlighted purple events in panels 5-7) as a result of further

processing. Since these diffraction events are not polarizable in the same way that the up-
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offset data (Hinds et al., 1993a). The downgoing P-wave events have been isolated

Figure 2.41 Hodogram-based polarization IPP for the Fort St. John Graben (FSIG1) far
on the HMAX’(FRT) data in panel (7).
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and downgoing P-wave events are, interpretation will be performed "over" these "noise"

events.

The result of hodogram based polarization analysis on the X(FRT) and Y(FRT) data and
subsequent "single angle" rotation yields the HMIN(FRT) and HMAX(FRT) data shown in
panels 4 and 5, respectively. The minor amount of downgoing P-wave events evident in the
X(FRT) and Y(FRT) data shown in panels 1 and 2 have been isolated within the

HMAX(FRT) data of panel 5.

The rotation of the X(FRT) and Y(FRT) data was performed using an interactive hodogram
analysis program. A window of input data, from the X(FRT) and Y(FRT) data, centred
around the first break of two input traces at the same depth recording level are shown in one
portion of the screen. The trace data are colour coded so that hodogram points shown in
another portion of the screen can be correlated to the traveltime of the trace data. This
enables an interpretation of the hodogram plot. A least squares routine estimates the best
straight line through the cloud of hodogram points. The HMAX(FRT) and HMIN(FRT)
windowed results using the rotation angle determined by the least-squares fit is displayed onto
another portion of the monitor. The user can now interactively alter the angle of the straight
line through the hodogram cloud of points and the displayed window of HMAX(FRT) and
HMIN(FRT) output traces (also centred around the first break) immediately change
according to the updated rotation angle. The calculations which produce the HMIN(FRT)

and HMAX(FRT) traces use the rotation matrix shown in the Appendix.

During the determination of the rotation angle using the hodogram plot and the various
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screen displays, the aim is to:

(1) to maximize the amount of downgoing P-wave first break energy on the HMAX trace;
and

(2) produce a consistent output polarity.

The polarity of the HMAX(FRT) data in panel 5 is consistent and minimal downgoing P-
wave energy can be seen on the HMIN(FRT) data in panel 4. Mode-converted downgoing

SV events are highlighted (in blue) on the HMAX(FRT) in panel 5.

The Z’(FRT) and HMAX’(FRT) data calculated using a hodogram analysis and subsequent
rotation of the HMAX(FRT) and Z(FRT) data are shown in panels 6 and 7, respectively.
The downgoing P-wave data are isolated onto the HMAX’ (FRT) panel and the Z’(FRT) data
contains mode-converted SV energy (highlighted in blue). Mode-converted SV downgoing
events on the Z’(FRT) data appear to originate at the impedance boundaries at 690 m (Spirit
River Formation; see Chapter 5) and the 1260 m (Nordegg Formation; see Chapter 5).
Upgoing P events can be identified on panel 6 from the Nordegg reflector (highlighted in

orange).

The diffraction event seen clearly on the Z(FRT) data has now been partitioned onto both
the HMAX’(FRT) and Z’(FRT) data. Interestingly enough, the HMAX’(FRT) data contain
the "upgoing” part of the diffraction and the Z’(FRT) data contain the "downgoing" part of

the event.
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2.3.2 Time variant polarization: isolation of the upgoing P-wave events

In this section, time variant polarization will be applied to the upgoing events from the
HMAX’, (FRT) and Z’,,(FRT) data to yield the Z"(FRT) data. The final interpretations

are done on the Z" ,(+TT) and the VSP-CDP transformed and/or migrated Z",,(+TT) data.

The time invariant polarizations performed in the previous section assumed that a single angle
was adequate to polarize the up- and downgoing Z(FRT) and HMAX(FRT) event onto
separate panels, Z’(FRT) and HMAX’(FRT). The polarization angle needed to isolate
(polarize) the upgoing P-wave onto the Z", (FRT) data is time variant. The angle of
reflection from interfaces below the sonde change with depth as is shown in Figure 2.42.
This implies that the incident angle of the upgoing P-wave events at a single geophone

location changes accordingly with recording time.

The Z’,,(FRT) and HMAX  (FRT) data are a result of performing wavefield separation on
the Z’(FRT) and HMAX’(FRT) data, respectively. The IPP for the time variant
polarization of the FSJG1 far offset data is shown in Figure 2.43. The Z’, (FRT) and
HMAX’, (FRT) data shown in panels 1 and 2, respectively, contain:

(1) upgoing P events (highlighted in orange);

(2) possible diffraction appear between 0.4 - 0.6 s (highlighted in brown); and

(3) mode converted downgoing shear wave events (highlighted in blue).

The Z,pgeroy(FRT) and HMAX ;0 (FRT) data shown in panels 3 and 4 are formed from

2’ ,(FRT) and HMAX’  (FRT) data by applying a rotation operation opposite to that used
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Time variant polarization concept

increasing offset _" source
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Figure 2.42 The reflection angle for upgoing raypaths emerging at the
geophone at A from deeper interfaces decreases in comparison
to the reflections from shallower interfaces. The @, are the
reflection angles, V, are the layer velocities, Z; are the layer
depths and t; are the raypath traveltimes to the sonde at A.
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data (Hinds et al., 1993a). The upgoing P-wave events have been predominately

Figure 2.43 Time-variant polarization IPP for the Fort St. John Graben (FSJG1) far offset
partitioned onto the Z"up(FRT) panel.
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in calculating the Z’(FRT) and HMAX’(FRT) data. By inspection of panels 3 and 4, it
appears as if this simple derotation is already isolating the upgoing P-wave events

(highlighted in orange in panel 3).

The interval velocities and first break times from the near offset VSP data of the Fort St.
John Graben case study are used to construct a model for ray-tracing. The first breaks (when
the downgoing P-wave should reach an interface) and the velocity of the various interfaces
(which will be used to propagate the upgoing reflections) are derived through simple
calculations. The ray-tracing to the defined geophone locations (given the source offsets) will
result in the (time,angle) pairs to be used in time-variant polarization (see Appendix). The
result of the time-variant polarization is HMAX", (FRT) and Z",,(FRT) shown in panels 5

and 6 (Fig. 2.43), respectively.

By inspection of panels 3 and 6 (Z,, g0 and Z",,), the downgoing (residual) SV events seen
on panel 3 are now mapped jointly onto panel 5 and 6 (coloured in blue). The upgoing P
event (coloured pink) originating near the 1750 m depth is more interpretable on the
2", (FRT) data in panel 6. The shallow Spirit River event (coloured green on panel 6) at
690 m which was not resolved on panels 1 to 4 can now be interpreted. Other upgoing

events on the Z", (FRT) data have been coloured orange in panel 6.
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2.3.3 VSP-CDP Transformation and Migration

In this section, the Z", (FRT) data are VSP-CDP transformed or migrated and the IPP
designed to utilize interpretive processing is presented. The term VSP-CDP or "VSP-CDP
mapping" refers to mapping the VSP data into a pseudoseismic section that displays coverage
starting from the borehole out to the furthest reflection defined by the VSP data geometry
and input velocity model (Wyatt and Wyatt, 1981; Millahn et al., 1983). The product of the
VSP-CDP mapping has been called the VSPCDP (Hardage, 1985). The VSP-CDP and

migration far-offset IPP for the FSJG1 data (chapter 5) is shown in Figure 2.44.

The Z",,(+TT) and Z", 40+ TT) data are shown in panels 1 and 2, respectively. The
VSP-CDP (Dillon and Thomson, 1984) mapped Z", (+TT) data are shown in panel 3. Note
that the horizontal axis for panel 3 (and 4) is not depth but offset distance from the well.
The image of the reflectors on the VSP-CDP or migrated data is similar to how the reflectors

would appear on a seismic section.

The IPP is completed with a Kirchhoff migrated version of the Z" (+TT) data shown in
panel 4. The migrated data appear to be "smoother" than the VSP-CDP mapped data of
panel 3. The events between 1.2 and 1.35 s display faulting. An example of the faulting

is highlighted by the event in green and interpreted faults (in pink) on panels 3 and 4.

One of the most important interpreted events is a dominant peak (in blue) at 1.27 s which
exists laterally from the well out to a distance of 55 to 75 m away f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>